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INTRODUCTION 


A passive component is one that cannot provide a power gain. Typical examples of 
passive components include resistors, capacitors, inductors, voltage and current 
Sources, transformers, and diodes. 


This course is written for persons who want to learn how to design practical circuits 
utilizing passive components. It is introductory in the sense that it establishes a foun- 
dation for more advanced design courses such as "Transistor Circuit Design." 
Similarly, this course is advanced in the sense that it assumes you already have 
some background in electricity and electronics. 


Consequently, ideal prerequisites for this course include: 
1. A basic knowledge of DC and AC electricity. 


2. Ап exposure to, perhaps in the remote past, the concepts of 
elementary algebra and trigonometry. 


3. Adesireto learn. 


Before you can design circuits, you must be able to analyze them. For this reason, 
the first three units provide a thorough review of the techniques and associated 
mathematical concepts used to design circuits. 


Every circuit constructed with real circuit components always works. This does not 
mean that a given circuit necessarily does what you want it to, rather that the 
behavior of the circuit conforms to the laws of nature. 


A circuit that “works” on paper may not do what you want it to once you build it with 
real components. Frequently, this undesirable situation arises because the 
properties of real components differ from those of ideal components. Ideal 
components can only be found in textbooks. Consequently, Unit Four is devoted 
exclusively to a discussion of the properties of real components. Here, various 
selection guides are provided to help you select an appropriate-type component for 
a given application. 
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Having emphasized the techniques of circuit analysis in the first four units, the 
remaining units concentrate on using these techniques to design circuits. 
Specifically: 


1. Unit Five discusses the design of rectifier circuits, smoothing filters, 
and unregulated power supplies. 


2. Unit Six examines how clippers, clampers, peak detectors, and other 
waveshaping circuits are designed. 


3. Unit Seven illustrates seven general and nine measurement 
applications for passive circuits. 


In addition, Unit Eight contains ten hands-on experiments designed to complement 
the text material. To perform these experiments, you will need the ET-1000 Circuit 
Design Trainer, or a similar trainer. A volt-ohmmeter and oscilloscope are also 
required for most of the experiments. All other parts, such as resistors, capacitors, 
inductors, and diodes, have been supplied. 


In concluding, | would encourage you to design your own experiments, since | 
believe that experience is, without question, the best teacher. Also, don’t forget to 
enjoy what you are doing, since learning can, and should be, fun! 

Sincerely, 


Vincent <. Lonard, dh. 


Associate Professor of Electrical Engineering 
Jamestown Community College 
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COURSE OBJECTIVES 


When you complete this course you should be able to: 
1. Analyze resistive DC circuits. 
2. Analyze RL and RC charging and discharging circuits. 
3. Add, subtract, multiply, and divide complex numbers. 
4. Analyze RLC circuits driven from sinusoidal sources. 
5. Describe the nonideal properties of real circuit components. 
6. Analyze and design half- and full-wave rectifier circuits. 


7. Analyze and design choke-input, capacitor-input, and cascaded filter 
sections. 


8. Select values for coupling and bypass capacitors. 


9. Analyze and design the following diode circuits: clippers, clampers, peak 
detectors, and peak-to-peak detectors. 


10. Select component values for passive integrators and differentiators. 


11. Discuss seven general and nine measurement applications for passive 
circuits. 
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COURSE OUTLINE 


UNIT 1 DC CIRCUIT ANALYSIS 

Introduction 

Unit Objectives 

Fundamental Concepts 
Charge 
Current 
Conventions and Current Flow 
Voltage, Resistance, and Current Flow 
Power 
Prefixes 

Basic Circuit Analysis 
Kirchoff's Current Law 
Kirchoff's Voltage Law 
Series Circuits-Voltage Division 
Parallel Circuits-Current Division 
Series-Parallel Circuits 

Useful Circuit Theorems 
Superposition Theorem 
Thevenin's Theorem 
Maximum Power Transfer Theorem 

Summary 

Experiment 1 

Unit Examination 


UNIT 2 MATHEMATICS FOR CIRCUIT DESIGN 
Introduction 
Unit Objectives 
RC Switching Circuits 
Switching Basics 
Capacitance 
RC Switching Circuits 
RL Switching Circuits 
Inductance 
RL Switching Circuits 
Logarithms 
Basic Concepts 
Applications for Natural Logs 
Applications for Common Logs — Decibels 
Reference Levels — dBm 
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Rectangular Complex Numbers 
Real, Imaginary, and Complex Numbers 
Operations with Rectangular Numbers 
Polar Complex Numbers 
Basic Trigonometry 
Polar Numbers 
Multiplication and Division of Polar Numbers 
Rectangular — Polar Conversions 
Summary 
Experiment 2 
Unit Examination 


UNIT 3 AC CIRCUIT ANALYSIS 

Introduction 

Unit Objectives 

Sinusoidal Notation 
Time Varying Signals 
The Sine Wave 
Frequency Domain Notation — Phasors 

Reactance and Impedance 
Capacitive Reactance 
Inductive Reactance 
AC Power 

Selected AC Topics 
Series Resonance 
Parallel Resonance 
Fourier's Theorem 

Summary 

Experiment 3 

Unit Examination 


UNIT 4 REAL CIRCUIT COMPONENTS 

Introduction 

Unit Objectives 

Resistors 
Resistor Basics 
Definitions 
Fixed Composition Resistors 
Fixed Wire-Wound Resistors 
Film Resistors 
Variable Resistors 
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UNIT 5 


Capacitors 
Capacitor Basics 
Definitions 
Capacitor Types 
Capacitor Applications 
Capacitor Selection Guide 
Inductors 
Inductor Basics 
Core Materials 
Mutual Inductance 
Types of Coils 
Coil Resistance 
Summary 
Experiment 4 
Unit Examination 


UNREGULATED POWER SUPPLIES 
Introduction 
Unit Objectives 
Transformers and Diodes 
The Ideal Transformer 
Real Ігоп-Соге Transformers 
The Ideal Diode 
Semiconductor Diodes 
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Output Polarity 
Full-Wave Rectifier 
Comparison of Rectifiers 
Smoothing Filters 
Definitions 
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Capacitor Input Filter Analysis and Design Equations 
Initial Surge Current 
Choke-Input Filter 
Choke-Input Filter Analysis and Design Equations 
Cascaded Filter Sections 
Summary 
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Unit Examination 
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Designing Clipper Circuits 
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Biased Clampers 
Designing Clamper Circuits 
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Designing Peak Detectors 
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High-Pass Filter 
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Differentiator 
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Summary 
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UNIT 8 


SELECTED APPLICATIONS 
Introduction = 
Unit Objectives 
General Applications 
Reversed Polarity Protection 
Elementary Heating Control 
Diode Arc Suppression 
Wave Shapers 
DC Restoration 
Catching Diodes 
De-emphasis Circuit 
Measurement Applications 
Meter Protection 
Increasing Current Ranges 
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EXPERIMENTS 
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PARTS 





«ШЕ» 
Resistors are identified in Parts Lists and steps by VERMANI 
their resistance value in Q (ohms), КО (kilohms), or ———(Hl——— or 
МО (megohms). They are usually identified by a color 1/2-WATT j 

code and four or five color bands, where each color be 

represents a number. These colors (except for the last B8g—— =i & 

band, which indicates a resistor's tolerance") will be 1-МАТТ | 2-УУАТТ 
givenin the steps in their proper order. Therefore, the У вес 
following color code is given for information only. $ ia vag 
NOTE: Occasionally, a “precision” or “power” resis- 
tor may have the value stamped on it. 





ORC 





5-BAND RESISTORS 
(+1%) 





cS * ж Note Wide 
4-BAND RESISTORS 


+ 1095 = Б 224 
(E) BANDS: 1 2 \ 


Multiplier 





Tolerance 


Band 1 
1st Digit 


Band 2 
2nd Digit 






Digit Color Digit 
Black 0 Black 0 Black 
Brown 1 Brown 1 Brown 1 
Red 2 Red 2 Red 2 
Orange 3 Orange 3 Orange 3 1,000 
Yellow 4 Yellow 4 Yellow 4 10,000 
Green 5 Green 5 Green 5 100,000 
Blue 6 Blue 6 Blue 6 
Violet 7 Violet 7 Violet ГА 
Gray 8 Gray 8 Gray 8 
White 9 White 9 White 9 





Capacitors will be called out by their capacitance EXAMPLES: 
value in pF (microfarads) or pF (picofarads) and type: 
ceramic, Mylar*, electrolytic, etc. Some capacitors 151K = 15 x 10 = 150 pF 
may have their value printed in the following man- 759 = 75 X0.1 = 7.5 pF 
ner: 
NOTE: The letter “К” may be used at times to signify a 


First digit of decimal point: as in: 2R2 = 2.2 (pF or pF). 
capacitor's value: 1 151K 


Second digit of MULTIPLIER | TOLERANCE OF CAPACITOR 


capacitor's value: 5 FORTHE | MULTIPLY | ТОРЕ ОЙ Guerre OVER 
Multiplier: Multiply the NUMBER: BY: LESS 10 pF 


first & second digits by Кш ра us] 


the proper value from the Eu En аю | Ж ium d 
Multiplier Chart. Ee en f E NEU ps E 

i [3 A | жесе 7: жн азын эшени! СЗ к ні 
кошу coc нш Бек се, BER CER Ree pedem ene REED Ud 
eset da fe з [uw qo ow au 
Шр т EL Балы Serres ГЕР ЕТПЕ: 
columns. ТЕШЕ K 
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PARTS LIST 


This list contains all of the parts for the experiments that you will perform with this 
course. The key numbers corespond to the numbers on the parts illustrated in the 
column. Some parts are packaged in envelopes. Except for this initial parts check, 
keep these parts in their envelopes until they are called for in an experiment. 





KEY PART QTY 
No. №, ET 
1/2-WATT RESISTORS 
596 Film 
A1 6-101 1 
cf f A1 6-102 2 
ж ов A1 6-103 2 
С А1 6-104 1 
А1 6-105 1 
А1 6-222 1 
А1 6-333 1 
А1 6-471 1 
А1 6-472 2 
А1 6-474 1 
А1 6-681 1 
1/4-WATT RESISTORS 
596 Film 





е Ж А2 6-101-12 
2 А2 6-102-12 
А2 6-103-12 

А2 6-104-12 
А2 6-106-12 

А2 6-153-12 

А2 6-221-12 

А2 6-222-12 

А2 6-223-12 

А2 6-331-12 

А2 6-332-12 

А2 6-333-12 

А2 6-393-12 

А2 6-471-12 

А2 6-472-12 

А2 6-563-12 

A2 6-682-12 

A2 6-683-12 


-k — — — A A — — шм ША — — là  (Q)- .-. 


DESCRIPTION 


100 ohm (brown-black-brown-gold) 
1000 ohm (brown-black-red-gold) 

10 k ohm (brown-black-orange-gold) 
100 k ohm (brown-black-yellow-gold) 
1 Mohm (brown-black-green-gold) 
2200 ohm (red-red-red-gold) 

33 k ohm (orange-orange-orange-gold) 
470 ohm (yellow-violet-brown-gold) 
4700 ohm (yellow-violet-red-gold) 
470 k ohm (yellow-violet-yellow-gold) 
680 ohm (blue-gray-brown-gold) 


100 ohm (brown-black-brown-gold) 
1000 ohm (brown-black-red-gold) 
10kohm (brown-black-orange-gold) 
100 k ohm (brown-black-yellow-gold) 
10 M ohm (brown-black-blue-gold) 
15k ohm (brown-green-orange-gold) 
220 ohm (red-red-brown-gold) 

2200 ohm (red-red-red-gold) 

22 k ohm (red-red-orange-gold) 

330 ohm (orange-orange-brown-gold) 
3300 ohm (orange-orange-red-gold) 
33 k ohm (orange-orange-orange-gold) 
39 k ohm (orange-white-orange-gold) 
470 ohm (yellow-violet-brown-gold) 
4700 ohm (yellow-violet-red-gold) 

56 k ohm (green-blue-orange-gold) 
6800 ohm (blue-gray-red-gold) 

68 k ohm (blue-gray-orange-gold) 





^a» 


NOT E: 





HEATH PART NUMBERS 


ARE STAMPED ON MOST DIODE S. 











KEY PART QTY DESCRIPTION 

No. No. 
CAPACITORS 
АЗ 21-192 1 -1 aF, 50 V ceramic (104) 
A3 21-717 1 .01 |Р, 50 V ceramic (103) 
A3 21-784 1 001 ҺЕ, 50 V ceramic 
A4 25-868 1 47 uF, 50 V electrolytic 
A4 25-870 1 100 pF, 50 V electrolytic 
A4 25-881 2 10 aF, 63 V electrolytic 
A5 27-79 1 .039 uF, 50 V Mylar* 


NOTE: Ceramic capacitors supplied with this course may use a new 
marking convention. For example, 103 = 0.01 uF, where 10 equals 
the capacitance in picofarads and 3 equals a powers of ten multiplier. 
(10 x 1071? times 1 x 103 = 10x 10? = 0.01 pF) 


DIODES & RECTIFIERS 

А6 56-84 1 1М4148 

А? 57-65 4 1N4002 

LEDs & INDICATORS 

A8 412-15 1 Neon lamp 

A9 412-640 2 Light Emitting Diode (LED) 

INTEGRATED CIRCUITS 

A10 442-22 1 7410pamp 

A10 442-53 1 555 timer 

AF CHOKE 

А11 46-3 1 4.5 НАЕ choke 

MISCELLANEOUS 
344-59 ile? #22 white solid wire 
266-962 1 5-compartment container 


*DuPont Registered Trademark 
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INTRODUCTION 


Electronic components such as resistors, capacitors, and inductors are connected 
together to form electronic circuits. When you analyze a circuit your task is to deter- 
mine the current through, the voltage across, and/or the power dissipated by one or 
more of the circuit components. 


Circuit design is the opposite of circuit analysis. When you design a circuit, your task 
is to select appropriate components, and decide how they must be connected to- 
gether so that the desired responses are produced. As you will see, the methods 
used to analyze circuits are very important tools for designing circuits. 


Because of the relationship that exists between circuit analysis and circuit design, 
we will begin our study of circuit design by reviewing the techniques of circuit 
analysis. Once you have mastered these techniques, it will be relatively easy to "re- 
verse the process" and begin designing circuits. 
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UNIT OBJECTIVES 


When you have completed this unit, you should be able to: 


ПЁ 
2. 


мозе 


Define coulomb, current, voltage, resistance, and power. 

Specify the symbol for, and scientific notation equivalent of, standard elec- 
tronic prefixes. 

State Ohm's law. 

Define node, loop, and branch. 

State Kirchhoff's current and voltage laws. 

Use Kirchhoff's laws to write and solve basic nodal and loop equations. 
Determine the equivalent resistance of series, parallel, and series-parallel cir- 
cuits. 

State the principles of voltage and current division. 

Apply the voltage and current division principles to series, parallel, and series- 
parallel circuits. 

Analyze a simple circuit by using the superposition theorem. 

Analyze a simple circuit by using Thevenin's theorem. 

Convert a Thevenin equivalent circuit to a Norton equivalent circuit and vice 
versa. 

Experimentally determine the Theveninvoltage and resistance of a DC circuit. 
State the maximum power transfer theorem. 


UNIT ACTIVITY GUIDE 


Read section on "Fundamental Concepts." 
Answer Self-Test Review questions 1-10. 


Read section on "Basic Circuit Analysis." 





Answer Self-Test Review questions 11-26. 
Read section on "Useful Circuit Theorems." 
Answer Self-Test Review questions 27-43. 
Perform Experiment 1 in Unit 8. 

Study Summary. 

Complete Experiment 1, Unit 8. 


Complete Unit Examination. 
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Check Examination Answers. 
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FUNDAMENTAL CONCEPTS 


The integrity of a building can be no better than the quality of the foundation upon 
which it is built. In a similar way, a number offundamental concepts form the founda- 
tion upon which the techniques of circuit analysis and design are built. For this 
reason, it is important that you master the basic concepts, units, and terms that form 
the foundation of circuit analysis and design. 


Charge 


Atoms are the building blocks of matter. However, even they are composed of more 
fundamental building blocks - electrons, protons, and neutrons. Electrons are nega- 
tively charged; protons are positively charged; and neutrons are electrically neutral. 
Apparently, the smallest amount of charge possible is the amount of charge of a 
single electron (negative) or a single proton (positive). Thus, an electron has the 
same amount of charge as a proton but it is of the opposite polarity. The coulomb 
(C) is the fundamental unit used to describe the amount of charge. One coulomb rep- 
resents approximately 6,240,000,000,000,000,000 (over six billion billion) times the 
charge of a single electron (negative) or proton (positive). Stated mathematically: 


1С = 6.24 х 10'*q (Еа. 1-1) 


where: q = the amount of charge of a single electron (negative) or proton (posi- 
tive) 


Very early in the history of electricity, it was noted that like charges repel and unlike 
charges attract. This attraction and repulsion is explained by assuming electric lines 
of force exist inthe space surrounding an electric charge. This space is referred to as 
an electric field; since if a second charge enters this space, it will experience an 
electric force. 


The direction of an electric field is defined as the direction that a small positive test 
charge will move when itis placed in the electric field. For this reason, electric lines of 
force are directed outward from a positive charge, and inward toward a negative 
charge as illustrated in Figure 1-1. 
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The concept of an electric field. 
A Positive charge 
B Negative charge 


Current 


Current is the flow of electric charges. Thus we may define the average current 
passing a point as: 


2 (Eq. 1-2) 


where: | — average current flow in coulombs per second (C/s) 
Q — charge in coulombs (C) 
t = time in seconds (s) 
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Normally, current flow is not stated as so many coulombs per second, since the am- 
pere (A) is a much more convenient unit of measure. One ampere represents a cur- 
rent flow of one coulomb per second. Stated mathematically: 


1А = E (Eq. 1-3) 


Example 1-1 


15.6 x 107? electrons move past a point in one-half minute. 
What is the average current flow in amperes? 


First, you must determine the number of coulombs of charge represented by 15.6 x 
107? electrons. Since one coulomb equals 6.24 x 1018 times the charge of a single 
electron, you have: 


1coulomb 


m 4 1 18 3 = 2. 
Q = 15.6 x 10'? electrons SOIT UU 2.5C 


Next, you must convert the time required for the 2.5C of charge to move past the 
point from minutes to seconds — since Equation 1-2 indicates that time (t) must have 
units of seconds: 
t- Gleam = 30s 
min 


Finally, you can use Equation 1-2 to calculate the average current flow: 


| = —— = —— = 0.0833 e — 0.0833A 
5 5 


Remember, before you substitute a particular quantity into an equation, always 
make sure that quantity has the units called for by the equation. 


Conventions For Current Flow 


Does current flow from plus to minus or from minus to plus? This question is an ex- 
ample of what logicians (people who study logic) call logically complex questions. A 
logically complex question is really several questions stated as if only one question 
was being asked. Thus, to properly answer a logically complex question, you must 
provide more than one answer. Recall that the definition for current is simply the flow 
of electric charges. This definition does not specify whether or not the charges that 
are flowing are negative charges or positive charges. 


In materials like metals, the movement of electrons (which flow from minus to plus) 
constitutes the flow of current. In P-type semiconductor materials, the movement of 
positive charges, called holes, (which flow from plus to minus) constitutes the flow of 
current. Thus, in a physical circuit, depending upon whether or not the move- 
ment of negative charges or positive charges constitutes the flow of current, 
the actual flow of the chargecarriers may be from minusto plus or from plus to 
minus. More importantly, as far as circuit analysis and circuit design are concerned, 
it makes no difference whether or not the actual flow of current is due to the move- 
ment of negative charges or positive charges, since the external effects produced 
are identical. Figure 1-2 illustrates this important concept. For purposes of analysis 
and design, we must agree to adopt one of two possible conventions: either elec- 
tron current flow, which assumes current is due to the movement of negative 
charges, and flows from minus to plus; or conventional current flow, which as- 
sumes current is due to the movement of positive charges, and flows from plus to 


ooo 
“ее 
O60 


= (0) 








Figure 1-2 
ar 10) 
An important concept. 
A given number of coulombs of negative charge (- О) moving in one 
direction (X to Y) is equivalent to an equal number of coulombs of 
positive charge (+ О) moving in the opposite direction (Y to X). It is 
assumed that the velocity and magnitude of each group of charges is 
the same. 
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Based upon a rigorous statistical analysis (a coin toss) we have decided to adopt the 
electron current flow convention. For purposes of analysis and design then, we will 
assume current flows from minus to plus. 


Voltage, Resistance, and Ohm's Law 


Voltage is a measure of the amount of energy that must be used in order to move 
electric charges through a circuit. Since current is the flow of electric charges, we 
can think of voltage as the electrical pressure that causes the current to flow. Fig- 
ure 1-3 illustrates the symbol used to represent a DC voltage source. Note here that 
the long line is connected to the positive terminal of the voltagesource, and the short 
line to the negative terminal of the voltage source. As you probably know, voltage is 


measured in units of volts. ^ Е 
--і | | Deep 


Figure 1-3 


Schematic symbol for a DC voltage source. The long line indicates the 
positive terminal, and the short line indicates the negative terminal. 


Resistance is the opposition to current flow. Resistance is measured in units of 
ohms. A conductor has a resistance of one ohm (abbreviated О), if a voltage across 
the conductor of one volt produces a current through the conductor of one ampere. 
All electrical components have some resistance. Components that have been spe- 
cifically designed to exhibit resistance are called resistors. Figure 1-4 illustrates the 
symbol used to represent resistance. 


Figure 1-4 
Schematic symbol for resistance. 


The relationship that exists between voltage, current, and resistance is summarized 
by Ohm's law, which states that current is directly proportional to voltage and in- 
versely proportional to resistance. Stated mathematically: 


у 
Е. (Ед. 1-4) 


where: | = current in amperes (А) 
V — voltage in volts (V) 
R = resistance in ohms (О) 
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Alternately, we may write: 


V=IR and R=% 


It is important to realize that Оһт 5 law applies to an entire circuit as well as to any 
part of that circuit. The following examples illustrate this concept. 


Example 1-2 


Determine each unknown in Figures 1-5A, 1-5В, and 1-5C re- 
spectively. 





Figure 1-5 


Circuits for Example 1-2. 
A V=? 


In each case, the voltage source is connected directly across the resistance. Thus, 
you can use Ohm’s law to find each unknown. 


У = IR 

V = 5A (20) = 10V (Figure 1-5А) 
V 10V : 

= > =-= 1-5B 

| R 20 5A (Figure ) 

ад 

| 


2 40) (Figure 1-5C) 
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Example 1-3 


Determine the voltage across the 200) resistor, and the current 
through the 40 resistor for the circuit shown in Figure 1-6. 


V=8V 





Figure 1-6 


Circuit for Example 1-3. 


The ammeter indicates that the current through the 200 resistor is 2A. Therefore: 


Similarly, the voltmeter indicates that the voltage across the 40 resistor is 8V. There- 
fore: 


ж. 
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Power 


Recall that work must be done in order to move electric charges through a circuit. 
The electrical energy expended, or work (W) required to move a charge (Q) from one 
point to another, is given by: 


W -QV (Ед. 1-5) 


where: W = work required in joules (J) 
О = charge in coulombs (О) 
V = voltage in volts (V) 


From Ohm's law, we know that V = IR. Similarly from our definition of current, we 
know that О = It. Thus, substituting IR for V, and It for О into Equation 1-5 yields: 


№ = 2А (Еа. 1-6) 


where: W = work required in joules (Ј) 
| = current in amperes (А) 
t = time in seconds (s) 


Power is the rate of doing work. In a resistive DC circuit, the electrical power dissi- 
pated is equivalent to the rate at which electrical energy is converted into heat 
energy. This rate is easily computed by dividing work by time. Thus: 


2 
Р-----,--РВ. (вай 


Since work has units о joules, and time has units of seconds, power must have units 
of joules per second. Normally, electrical power is measured in units of watts. One 
watt is defined as one joule per second. Stated mathematically: 


1W = = (Eq. 1-8) 
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You can derive two variations of the power formula as follows: 


Substituting 4 for l into Equation 1-7 yields: 


2 
Р=н=( V )*- T (Eq. 1-9) 


Similarly substituting x for R into Equation 1-7 yields: 


PV _ 





Р = 2А = i IV |. (Eq. 1-10) 
Summarizing our results, we have: 
2 
Р = (В = а =|IV (Еа. 1-11) 


where: Р = power in watts (W) 
| = current in amperes (A) 
R = resistance in ohms (О) 
V — voltage in volts (V) 


Example 1-4 


Determine the power dissipated by the 60 resistor, the resistor 
labeled К, and the 160 resistor in Figure 1-7. 





Figure 1-7 
Circuit for Example 1-4. 


P = IPR = (4A)? (60) = 96W (60 resistor) 


P = IV = 3.2A (169) = 51.2W (resistor R) 


p = 10.24W (160 resistor) 





V? (12.8у)2 
R 160 
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Prefixes 


Often units such as the ampere, volt, and ohm are too large or too small to be useful 
in describing the current, voltage, or resistance in a circuit. For this reason, standard 
prefixes are used in conjunction with scientific notation to describe very large or very 
small quantities. Table 1-1 lists the standard prefixes used in electronics, along with 
their arithmetic and scientific notation equivalents. The following examples illustrate 
the use of these prefixes in calculating basic electrical quantities. 


Prefix Arithmetic Scientific Notation 
Equivalent Equivalent 


1 000 000 000 000 







1 000 000 000 







1000000 







1000 


0.001 







0.000001 







0.000 000001 







0.000000000001 






Table 1-1 


Standard Electronic Prefixes 
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Example 1-5 
Calculate each unknown in Figures 1-8A, 1-8B, and 1-8C respec- 
tively. 
A + 10У — T WS " 10mV . 
2KQ 2MQ 2KQ 
(te ~i i 
I 12 13 
CURRENTS 
+ 10V . 10ту 10KV 
———„—— мм — NV 
Ry Ro R3 
- -——— ——— 
2A 2mA 2uA 





у V2 V3 
(8 co — Iu 
5KQ 3MQ 6KQ 
——— -— a 
2тА 5uA 2A 
VOLTAGES 
Figure 1-8 
Unknowns for Example 1-5. 
А Currents 
В Resistances 
C Voltages 
10V 10V м р 
= = = 5 х 10-ЗА -5тА (Figure 1-8A 
h^ “Жа 2x100 (Fig 
10V 10V 


pin dg ае -64 = БһА 
ТЕТІГІ >S р 


10mV 10x 10 ?V a 
E" x е c 0 ЕВ 





В, = = 50 (Figure 1-8B) 


10mV 10x 107V 
TA aro ^ n 


10kV 10 х 10°V 3 
к= рес еі = = 2 
Вз А ово О Ва 


№, = 2тА (5kQ) = 2 x 1073A (5 x 1030) = 10V (Figure 1-8C) 
Vo = брА (BMN) = 5 x 10 8A (3 x 1090) = 15V 
V, = 2A (6КО) = 2A (5.1039) = 12 x ШУ = 12kV 
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Self-Test Review 





1. Electric lines of force are directed toward a negative 
charge. 

2. The flow of electric charges is called ; 

3. Electron flow assumes current flows from ______ _to_ P" 

4. can be thought of as electrical pressure. 

5. An ___ is one coulomb per second. 

6. A is one joule per second. 

7. ЕУ = 8Vand! = 2mA, the resistance is ohms, which is equi- 
valent to КО. 

8. The current through а 10КО resistor is 5тА. Тһе resistor is dissipating 

mW. 

9. If 5A of current flows through a 2М0 resistor, the voltage across the resistor 

is V. 
10. .. is the rate of doing work. 


Answers 


inward 
current 
minus to plus 
Voltage 
ampere 

watt 

40000, 4kQ 
250 

10 

Power 


1. 
а; 
3. 
4. 
5. 
6. 
y 
8. 
9. 
0. 


— 
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BASIC CIRCUIT ANALYSIS 


In this section, you will increase your technical vocabulary by learning the definitions 
of words such as node, branch, and loop. In addition, you will learn how to apply 
Kirchhoff's current and voltage laws so you can determine the values of the branch 
and loop currents. The ability to write and solve basic loop and nodal equations is es- 
sential for the analysis and design of practical electronic circuits. 


Kirchhoff's Current Law 


A node is a point where two or more components are connected together. A 
branch is a single path between two nodes. Figure 1-9 illustrates a circuit containing 
three nodes and four branches. In Figure 1-9, you should note the following: 





Figure 1-9 


A three-node, four-branch circuit. 


The three nodes are labeled A, B, and C. 

There is one branch between nodes A and B. Similarly, there is one 
branch between nodes A and C. 

3. There are two branches between nodes B and C 

4. Each componentin the circuit is connected between a pair of nodes. 


N — 


Kirchhoff's current law is very useful in determining branch currents. This law is 
stated as follows: 


The algebraic sum of the branch currents entering and leaving a node 
must equal zero. 
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This simply means that more current cannot leave a node than enters the node. The 
term "algebraic sum" refers to the direction (into the node, or out of the node) of 
each branch current. An equation that describes the branch currents of a node is 
called a nodal equation. The following rules are used to write nodal equations for 
basic circuits: 


1. If currententers anode, it is considered negative and will, therefore, 
be prefixed by a minus sign. 
2. If current leaves а node, it is considered positive and will, therefore, 
be prefixed by a positive sign. 
3. If the direction of the unknown branch current is not given, we will ini- 
tially assume that it enters the node. 
4. Опсе the value of the unknown current is determined, we will inter- 
pret its direction as follows: 
(a) A positive answer means our initial assumption concerning the 
direction of the unknown current was correct. 
(b) A negative answer means our initial assumption concerning the 
direction of the unknown current was incorrect. 


The following examples illustrate the use of these rules. 


Example 1-6 
Write a nodal equation for node C in Figure 1-9. 


— 10mA + 4mA + 6mA = 0 
— 10mA + 10mA = 0 
0-0 (checks) 


Example 1-7 


Write a nodal equation for node B in Figure 1-9. Solve for the cur- 
rent I. 


| — АТА — 6mA = 0 
| — 10mA 2 0 
| 2 10mA 


Since we obtained a positive answer for 1, the direction assumed for I (away from the 
node) in Figure 1-9 is correct. 
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Example 1-8 


Determine the unknown branch current I, in Figure 1-10. 





Figure 1-10 


A node with four branches for Example 1-8. 


Since the direction for I, is not given in Figure 1-10, we will initially assume І, enters 
the node. 


— emA — |, — 6mA + 3mA - 5mA = 0 
— 13тА - 1, + 3mA = 0 
—10mA-1,-0 

„= —10mA 


Since І, is negative, our initial assumption that I, enters the node is incorrect. Thus І, 
= 10mA and is leaving the node. 
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Kirchhoff's Voltage Law 


A loop is a closed path in a circuit. Kirchhoff's voltage law is often used to determine 
voltages between nodes, loop currents, etc. Kirchhoff's voltage law states: 


The algebraic sum of the voltages around each closed loop in a circuit must equal 
zero. 


The term "algebraic sum" refers to the polarity of each voltage in the loop. The po- 
larity of the voltage across a resistor (and most other components) depends upon 
the direction of the current through the resistor (or component). Thus, current en- 
ters the negative terminal and leaves the positive terminal as illustrated in Figure 1- 
11. Voltage sources, however, are an exception to this general rule. 





Figure 1-11 


The polarity of the voltage across a resistor is determined by the 
direction of the current through the resistor. 


Recall that the polarity of a DC voltage source is indicated by the symbol used to rep- 
resent the source; the long line indicates the positive terminal and the shortline indi- 
cates the negative terminal. Thus, the polarity of the voltage across a DC voltage 
source does not depend upon the direction of the current through the source. This 
conceptis illustrated in Figure 1-12. 


V V 
Nox 
I Т 


Ғідиге 1-12 


The polarity of the voltage across a DC voltage source is indepen- 
dent of the direction of the current through the source. 


An equation that describes the voltages in a loop is called a loop equation. To write 
a loop equation when all loop voltages are known, you must decide two things — 
your starting point, and the direction (clockwise, or counterclockwise) you wish to 
travel around the loop. 
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gs. 
A Ry + 
Ro 24у 
xv — = xw 
B B 
CLOCKWISE PATH COUNTERCLOCKWISE PATH 


Figure 1-13 


A loop in which all voltages are given. To write a loop equation for this 
circuit, select a starting point; then go around the loop in either 
direction. 

A. Clockwise path. 
B. Counterclockwise path. 


To illustrate the process, consider the circuit in Figure 1-13A. In this case, start at 
point A, and go clockwise around the loop. As you go around the loop, write down 
each voltage you encounter along the way and, using Kirchhoff's voltage law, 
equate the result to zero. The sign (plus or minus) of each voltage that you write 
down is determined by the sign you first encounter as you pass through each 
component. Thus, for the circuit in Figure 1-13A, you have: 


+6V + 4V + 20У - 30V = 0 
30V – 30V = 0 
0-0 (checks) 


As a second example, consider Figure 1-13 B, where we start at point B, and go 
counterclockwise around the loop. In this case, the resulting loop equation is: 


—20V -4V – 6V + 30V = 0 
-30V + 30V = 0 
0-0 (checks) 
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Example 1-9 


Calculate the voltage V ag in Figure 1-13A and the voltage Vga in 
Figure 1-13B. 


Мав means the voltage from terminal A to terminal B. Thus, you must start at termi- 
nal A and move through the circuit (recording any voltages encountered along the 
way) until you arrive at terminal В. In Figure 1-13A, if you go counterclockwise from 
terminal A through the 30V source to point B, the loop equation is: 


Мав = 30V 


If you go clockwise from point A through R,, В-, and the 20V source, the loop equa- 
tion is: 


Мав = 30V 


As you can see, the answer is the same (Vag = 30%), regardless of the path taken in 
moving from point A to point B. 


To calculate the voltage from point B to point A (Vga) in Figure 1-13B, you must start 
at point B and end up at point A. If you go clockwise through the 30V source, the loop 
equation is: 


Vea > —30V 


Similarly, if you go counterclockwise from point B through the 20V source, R2, and 
R,, you have: 


Vea = — 30V 
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Again, you obtain the same answer (Vga = — 30V), regardless of the path taken in 
moving from one point to another (B to A in this case). Note that Vag = — Vga. This 
fact should not surprise you since voltage is always measured between two points. 
Thus the statement that Vas = 30V means that the voltage between A апав is 30V 
with terminal A being positive with respect to terminal B. Similarly, the statement 
Vea = —30V means that the voltage between B and A is 30V with terminal B being 
negative with respect to terminal A. Thus, both statements mean the same thing! 
This concept is illustrated in Figure 1-14. 


30V 
A B 
== 
+ - 
Figure 1-14 


The voltage between А апа В is 30V. Terminal A is positive with 

respect to terminal B, and terminal B is negative with respect to termi- 

nal A. Both statements mean the same thing. The equivalent 

mathematical statements are Vag = 30V and Vga = — 30V respec- 
tively. 


Kirchhoff's voltage law is very useful for determining the value of a loop current. 
Once the loop current is known, you can use Ohm's law to determine the values of 
the loop voltages. The following procedure is used to solve these problems: 


1. If the direction of the loop current is not provided, assume one 
(clockwise or counterclockwise). 

2. Assign polarities to the components in the loop that are consistent 
with the direction you initially assumed for the loop current. 

3. Selecta starting point and write a loop equation-by going around the 
loop in the direction you have assumed current to flow. 

4. Solve the loop equation for the loop current. 


The following example illustrates the procedure just outlined. 
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Example 1-10 


Calculate the loop current in Figure 1-15А. 


20V 20V 


эко a ae 
ТЕХ o 
+ 
al к 30V = 
I*2mA zn 
B 
CLOCKWISE LOOP CURRENT COUNTERCLOCKWISE 


LOOP CURRENT 
Figure 1-15 


Kirchhoff's voltage law can be used to solve for the loop current I. The 
sign (plus or minus) of | obtained by solving the loop equation 
indicates whether or not the initial assumption concerning the 
direction of | (clockwise or counterclockwise) was correct. A negative 
answer indicates the initial assumption was incorrect. 
A. Clockwise loop current 
B. Counterclockwise loop current 


To begin, we will assume a clockwise loop current. This initial assumption dictates 
the polarities of the voltages across the ЗКО and 2КО resistors (current enters the 
negative terminal and leaves the positive terminal) as shown in Figure 1-15А. Natur- 
ally, the polarities of the 30V and 20V sources are indicated by the symbols for each 
source (long line — positive, short line — negative). Next we select a starting point 
which, in this example, is point A. As we go around the loop, we will use Ohm's law 
(V = IR) to describe the voltage across each resistor. Thus, starting at point A and 
going around the loop in the direction we have assumed current to flow (clockwise), 
we have: 


—30V — ЗКО (I) + 20V — 2kQ (I) = 0 
—10V — 5kQ (I) = 0 


[= – EX = -2mA 
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The negative sign for the loop current I tells us that the initial assumption concern- 
ing the direction of | was incorrect. Thus, the loop current is 2тА, but it flows in a 
counterclockwise direction as shown in Figure 1-15B. The polarities of the voltages 
across the resistors in Figure 1-15B are the actual polarities you would measure in 
the circuit. 


Example 1-11 


Rework Example 1-10 by initially assuming a counterclockwise 
loop current. 


Starting at point B, you have: 


- 2kQ (I) - 20V — ЗКО (І) + 30V = 0 
10V — 5КО(І) = 0 


10V 
I= ко 21А 


In this case, the positive sign for the loop current | indicates that the initial assump- 
tion concerning the direction of | (counterclockwise) was correct. 
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Series Circuits - Voltage Division 


When the same current flows through two or more (two terminal) components, as il- 
lustrated in Figure 1-16A, the components are connected in series. Starting at point 
A and going counterclockwise around the loop in Figure 1-16А, we obtain the follow- 
ing loop equation: 





Мын у, EO 
МСН ЕЛЕНЕ @ 
ЕА oo Rave 


or 





EQUIVALENT CIRCUIT 


Figure 1-16 


The series circuit. 
A. Original circuit. 
B. Equivalent circuit. 


1-28 UNIT ONE 


The equivalent resistance (R4) of a series circuit, as viewed from the source equals 
the sum of the individual resistances. Since there is only one path for current flow, 
the total current (Іт) supplied by the source (Ут) to the circuit is the current flowing 
through each resistance. From Ohm's law, we can compute the voltage across any 
resistor (Rn) in the series circuit. Thus, 


Ун, — Ir Ra 
Vas SHE (в4142 
n Rr 


Equation 1-12 is important because it summarizes the principle of voltage division. 
This principle lets you quickly calculate the voltage across any resistor (Ra) іп a 
"series string" of resistors as illustrated by the following example. 


Example 1-12 
Calculate the voltage across each resistor in Figure 1-17 by volt- 


age division. 
100KQ 
+ - 


2N —— 0. 5МО 


w^ 


- Е 
200KQ 
Figure 1-17 


Circuit for Example 1-12. 


Rr = 100КО + 0.5МО + 200КО = 800КО 


25V (200k) 

Voook = HG = 6.25V 
25V (500КО 

Vosm = ZEV SOKO) НЕ 15.625V 
25V (100k 

Моск = 2910000), = 3.125} 


800k 
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Note that the sum of the voltages across the resistors equals the applied voltage 
(25V). 


To review some of the ideas discussed earlier, let's calculate the remaining re- 
sponses. The current through each resistor is Іт. Thus, 


V. 25ү 


In, = In, = 1, = R. 800КО 





= 81.254A 


The power dissipated by each resistor is simply Vl. Thus, 


Posm = 15.625V (31.25рА) = 488.28uW 
Ріоок = 3.125V (31.25рА) = 97.66uW 


The power supplied by the 25V source to the circuit is У-іт. Thus, 
Рт = Vrh = 25V (31.25нА) = 781.25, МУ 


Note that the total power equals the sum of the powers dissipated by each resistor. 
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Parallel Circuits - Current Division 


When the same voltage is across two or more (two terminal) components as illus- 
trated in Figure 1-18A, the components are connected in parallel. Even though it 
may appear that the circuit in Figure 1-18A contains four nodes, only two nodes are 
present, as illustrated in Figure 1-18B. Remember, when components are con- 
nected in parallel, each component is connected between the same pair of nodes. 


Applying Kirchhoff's current law to node A, we have: 





B 


EACH COMPONENT 15 CONNECTED BETWEEN THE SAME TWO NODES 


EQUIVALENT CIRCUIT 


Figure 1-18 


The parallel circuit. 


A. Original Circuit. 


B. Each component is connected between the same two nodes. 


C. Equivalent circuit. 
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From Ohm's law we know that l+ = a . Thus, the expression 
т 








(Eq. 1-13) 











For the special case of two parallel resistors, Equation 1-13 reduces to: 


А.В 


zc mE. (ЕСУІ 
mgr ЖШ 


Rr 


Similarly, when equal resistors are connected in parallel, the equivalent resistance 
is: 


R 


Вт = n 


(Eq. 1-15) 


where n is the number of equal parallel resistors. 
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Example 1-13 


Determine — the current through, the voltage across, and the 
power dissipated by — each resistor in Figure 1-19. 





Figure 1-19 


Circuit for Example 1-13. 


Since the same voltage (10V) is across each resistor, you can determine the current 
through each resistor as follows: 


look = aun ~ = 0.5mA 

Isk = ur = 2тА 
10V 

4k = үт = 2.5 А 


Ма Kirchhoff's current law, the sum of the currents through each resistor must equal 
the total current (Іт) supplied by the 10V source to the circuit. Thus, 


Іт = 0.5mA + 2mA + 2.5mA 
ч = 5тА 


The power dissipated by each resistor is VI. Thus, 
Ps, = 10V (2mA) = 20mW 
P4, = 10V (2.5mA) = 25mW 


The total power supplied by the source to the circuit is М-іт. Thus, 


Ет = Ут 
Рт = 10У(5тА) = 50mW 
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Note that the total power (50mW) equals the sum of the powers dissipated by each 
resistor. The equivalent resistance, Вт, can be calculated from Equation 1-13. 











1 Өлік 

Вт В, Ro В, 

з, О „у мама Lo 

Вт 200  5kQ 4кО 20к0 7 20kQ 
20kQ 

pcc 20 


Alternately, you can calculate Rz from Equation 1-14 and Equation 1-15 as follows: 





ӘШБ) 100" _ 
20КО|5КО = 2,5-2 = 40 
4kOJ4kQ = m = 2kQ 


Note that | indicates two resistors in parallel. 


Finally, you can also calculate Вт from the ohm's lawrelationship R+ = T | 
Hm 


Previously, we defined resistance as the opposition to current flow. The reciprocal 
of resistance is called conductance, and is a measure of the ability of a conductor 
to "conduct current flow." Thus, 


where: R 
G 


resistance in ohms (О) 
conductance in mhos (0) or siemens (5) 


For many years, the accepted unit of conductance was the mho (ohm spelled back- 
wards) - whose symbol is an inverted ohms symbol. Recently, the siemen (S) has 
become an increasingly popular unit for the measurement of conductance. Today, 
you will see both units usedto represent conductance, although the siemen is gradu- 
ally replacing the mho as the preferred unit of measure. By substituting G for 1 into 
the equations given previously, we obtain: ii 
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(= "ӨМ (Еа. 1-17) 
| 
V= E М (Еа. 1-18) 
P= VI = = = Ма (Ед. 1-19) 
От = G; + Go +... Gn (n parallel conductances) (Еа. 1-20) 


= —— + "ub (n series conductances) (Eq. 1-21) 


^ 
uc G8 ОБ IG 





Example 1-14 


Determine: (a) The conductance of а 20 resistor. (b) The 
equivalent conductance of 200 and 50 resistors connected in 
parallel, and in series. (с) The current through a 25 conduc- 
tance that has 5V across it. 


For the parallel connection: 
бт = О, + G; = .05 + 0.2 = 0.255 


For the series connection: 








+ —. =200 + 50-250 


(c) |= GV = 2S (5V) = 10А 
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Figure 1-20 


Current division. 
Consider the circuit shown in Figure 1-20. The total conductance of the circuit is: 
Ст = G; az а, 


Thus, the source voltage V4 is: 


zs = ES 
УТ SUE 


Similarly, the current through each conductance is: 
2 Lu i. 

I, =V7G, =h 61-6; 

2 cR ем 
lp = М9 = |у G iG: 


Since we normally work with resistance rather than conductance substitution of a 
1 


for б, апа 1 for Gs yields: 
Re 


F \2 
= (т Eq: -22 
h : В, + Re ( 1 ) 





1 
- B Eq. 1- 
b= FR (Eq. 1-23) 


Equations 1-22 and 1-23 summarize the principle of current division. 
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Example 1-15 


Calculate each branch current Юг the circuits in Figures 1-21А 
and 1-21B. 





Tak = 6. 67mA 


Figure 1-21 


Circuits for Example 1-15. 
A. M = 100mA 
B. ly = 6.67mA 





Figure 1-21A 
22 100mA(120kQ) 100тА(120К0) - 
зок = “39K 4 120k0 ^ 150к0 тра 
La, с _100тА@ОКО)_ _ 100mA(G0KQ) ooma 
120k  30kQ +120kQ 150kQ i 
Figure 1-21B 
> _ | h(6k0)  |Іт(6к0) 
Ізк = 6.67тА = 6kQN+3kQ ХОК 
_ 6.67mA(9kQ) _ 
I; = БІТ = 10mA 
2 .1OmA(3kQ) _ 10MA(SK2) „2. д 


lec = -kA + ЗКО, 9kQ 
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Series - Parallel Circuits 


Series - parallel circuits consist of combinations of series- and parallel-connected 
components in the same circuit. By finding the equivalent resistance of the series 
and parallel portions of the original circuit, you can reduce it to a simpler equivalent 
circuit. Finally, you can "work backwards" from the equivalent circuit to the original 
circuit in order to determine the desired responses. The following example illustrates 
this process. 
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Example 1-16 


Determine — the current through, the voltage across, and the 
power dissipated by — each resistor in Figure 1-224. 


| 16KQ 


(a) жу = sko 


4KQ 


ORIGINAL CIRCUIT 16KQ + ДКО = 20KQ 


6KQ 


ғ 


20у ==" 5KQ 20KQ 


STEP 1 5KQ || 20KQ = 4KQ 


6KQ 


(с) АМ cae Іт = 2mA AKQ 


STEP 2 
Figure 1-22 


Original and simplified circuits for Example 1-16. 
A. Original circuit. 
B. Step 1. 
C. Step2. 


To begin, note that the 16kO and 4КО resistors are connected in series. The equiva- 
lent resistance of these two resistors is: 


R —16kQ + 4kQ = 20kQ 


This equivalent 20КО resistor is connected in parallel with the 5КО resistor іп the 
original circuit, as shown in Figure 1-22В. In this Figure, the 5КО and 20kQ resistors 
are connected in parallel. Thus, 


5kO(20kQ) 


R = sküjaokn = 2 


= 4kQ 
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The equivalent 4kQ resistor is connected in series with the 6КО resistor in the origi- 
nal circuit, as shown in Figure 1-22C. Now: 


Нұ = 6kQ + 4kQ = 10к0 


Since it flows through the 6kQ resistor: 


lg, = у = 2mA 
Мек = 2mA (6kQ) = 12V 
Pg, = 12V (2mA) = 24mW 


In Figure 1-22B, you can see that after flowing through the 6k€ resistor, Іт divides 
between the 5КО and 20КО resistors. Applying the current division principle, you 
have: 


2mA(20kQ) _ 2mA(20kQ) _ 


“STL овар ГА 
2 2тА(5ка) _ 2тА(5КО) _ 
eo OR ЭБП 


Thus: 


Vsk = 1.6mA (5kQ) = 8V 
Psk = 8V (1.6mA) = 12.8mW 


Note that the current through the 20k0 resistor (0.4mA) in Figure 1-22B is the same 
current that flows through the 16kO and 4kQ resistors in Figure 1-22A. Thus, 


Viska = 0.4mA (16kQ) = 6.4V 
Рувко = 6.4V (0.4mA) = 2.56mW 


Vako = 0.4mA (4kQ) = 1.6V 
Paka = 1.6V (0.4mA) = 0.64mW 
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The calculated responses are summarized in Table 1-2. 





Table 1-2 


Summary of Responses for the Circuit in Figure 1-22A. 


There are several checks you can make to verify the calculated answers. First note 
that the sum of the powers dissipated by each resistor is: 


Рт = 24 + 12.8 + 2.56 + 0.64 = 40mW 
This should equal the power supplied by the source to the circuit. 


Рт = V4 = 20V (2mA) = 40mW (checks) 


LLL coss | lef 





Figure 1-23 


Checking the calculated answers to Example 1-16. 


The circuit of Figure 1-22A is redrawn in Figure 1-23 with the calculated currents and 
voltages inserted. Note that each component in the circuit is connected between a 
pair of nodes. We can verify the answers by applying Kirchhoff's laws to the various 
nodes and loops. First, applying Kirchhoff's current law, we have: 


Node A —2mA + 2mA = 0 (checks) 

Node B — 2mA + 1.6mA + 0.4mA = 0 (checks) 
Node C —0.4mA + 0.4mA = 0 (checks) 

Node D —0.4mA - 1.6mA + 2mA = 0 (checks) 


Finally, applying Kirchhoff's voltage law, we have: 


Left loop (starting at node A) 
—12V - 8V+ 20V = 0 (checks) 


Right loop (starting at node B) 
—6.4V — 1.6V + 8V = 0 (checks) 


Outer loop (starting at node A) 
—12V — 6.4V — 1.6V + 20V = 0 (checks) 
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Self-Test Review 


11. A is a single path between two nodes. 
12. You can tell if you have located all 2 on a schematic by 
checking to see that each is connected between a 


pair of nodes. 

13. For purposes of writing a nodal equation, current that enters the node is pre- 
fixed with a sigh. 

14. After solving a nodal equation, a negative answer indicates that the initial di- 
rection assumed for Iwas | | | 

15. The polarity of a voltage source 0 (does or does not) 
depend upon the direction of the current flow through the source. 

16. ИМ, = = 12V, then Vg, = ШЕСЕ 

17. After solving a loop equation, a negative answer for | indicates the initial direc- 
tion assumed for the loop current was | 





18. Two components are connected іп ifthe current through 
them is the current. 
19. Two components are connected in if the voltage 
acrossthemisthe Т voltage. 
20. Thirty-three resistors, each having a value of 33kQ, connected in parallel have 
an equivalent resistance of КО. 
21. A conductance of 0.25 has a resistance of ohms. 
22. Тһе current l іп Figure 1-24Ais А. 
23. The current | in Figure 1-24B is A. 
24. Using voltage division, the voltge across the 4k€ resistor in Figure 1-24C is 
V. 
25. Using current division, the current through the 5КО resistor in Figure 1-24D is 
A 


26. Complete the following table for the circuit in Figure 1-24E. 
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3A 


5A 
үт 1 } xo 
10А | 


Al 
QUESTION 22 9KQ 
20V 
QUESTION 23 
AS 5KQ 
ау -- 4KQ (D) — 
| 6A 
---- 
Yoko 17KQ 3KQ 
QUESTION 25 
QUESTION 24 
10KQ 





5KQ 


QUESTION 26 


Figure 1-24 


Circuits for Self-test Review. 
A. Question 22. 
Question 23. 
Question 24. 
Question 25. 
Question 26. 


тоор 
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Table 1-3 


Calculated Responses For Question 26 


Answers 


11. 
12 
13. 
14. 
15. 


23. 


branch . +12V 

nodes, component . incorrect 

minus . Series, same 

incorrect . parallel, same 
1kQ 


|, + 2A — БА + ЗА — 10А = 0 
|, — 10А = 0 
|, = 10A 


5V — I (6kQ) — 10V — I (5kQ) – 20V – I (9k0) =0 
-25У - 1(20к0) = 0 
1(20К0) = —25V 

— 25\/ 


[= = – 1. 
: 1.25тА 


Thus, I is 1.25mA, but it flows іп a counterclockwise direction 


40V (4kQ) 


Va = 20kN 


= 8V 


ЕЕ (20kQ) 
ӘК 7 7--25КО 


Table 1-4 


Answers For Question 26 
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The solutions to question 26 follow: 

Refer to Figure 1-25. 
6КОЦЗКО = 6 (3/6 +3 = 2kQ (Figure 1-25А) 
ВКО + 2kQ = 10kQ (Figure 1-25B) 
10КО|10КО = 10/2 = 5kQ (Figure 1-25C) 


Ry = 5КО + 5КО = 10к0 (Figure 1-25D) 


{т = М/А; = 100V/10kQ = 10тА = lsk 
Applying the current division principle to Figure 1-25C: 


lao, = 10тА (10kQ)/20kQ = 5mA 
In Figure 1-25B, 5mA also flows through the 8k€ resistor. 


Applying the current division principle to Figure 1-25A: 


lg, = SMA (8kQy9kQ = 1.67mA 
la, = SMA (6kQy/9kQ = 3.33mA 


The various voltages are readily calculated from V — IR. Similarly, the powers are 
calculated from P — VI. 
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10KQ 
3KQ 

INI 
== 

5KQ 
100V 

ORIGINAL CIRCUIT 6KO || 3KQ = 2KQ 
10KQ 


8KQ 2KQ 


5KQ 


STEP 1 BKO + 2KQ = 10KQ 


© 10KQ 
| 


100V 


5KQ 
STEP 2 10KQ || 10KQ = 5KQ 


5KQ 


(D) 10mA 


ЦЕ 
5KQ 
100V 
STEP 3 


Figure 1-25 


Reducing the circuit in Figure 1-24E to a single-loop equivalent circuit. 
A. Original circuit. 
B. Step 1. 
C. Step2. 
D. Step3. 
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USEFUL CIRCUIT THEOREMS 


Ohm's law and Kirchhoff's law form the backbone of circuit analysis and design. In 
this section, you will review some very powerful tools that complement the analysis 
techniques discussed earlier. 


Superposition Theorem 


This theorem states that: 


Each current or voltage in a linear circuit consisting of independent 
sources, equals the algebraic sum of the currents and voltages produced 
by each source acting alone. 


The term linear circuit means that the component values (resistance, capacitance, 
or inductance) are constant. Similarly, the term independent sources means that 
the terminal voltage of a voltage source, or the current into and out of a current 
source, do not depend upon the value of a current or voltage anywhere in the circuit. 
Naturally, real components can only approximate these ideal characteristics. We will 
have more to say about this in a later unit. Since power is not a linear quantity (P — 
I?R), you can not use superposition directly to calculate power in DC circuits. The 
following example illustrates the application of the superposition theorem. 


D 
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Example 1-17 


Calculate the current through the 6kQ resistor in Figure 1-26A by 
superposition. 


6KQ 3KQ 
d 


(A) 10у === 3KQ тл 


ORIGINAL CIRCUIT 


6KQ 3KQ 6KQ 3KQ 


эко (ғ) Жа mL UN 


OY) S= = 
10V SOURCE CIRCUIT ae OUR CERGIR OUI 
ко эко 
= 1.33 (E) i 
Dv = e 1.5КО жо AmA = хм 
10V EQUIVALENT CIRCUIT 20V EQUIVALENT CIRCUIT 
Figure 1-26 


Using superposition to solve a two-source circuit. 
A. Original circuit. 

10V source circuit. 

10V equivalent circuit. 

20V source circuit. 

20V equivalent circuit. 


тоо 
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To begin, consider the 10V source "acting alone." To do this, you must reduce all 
other sources to zero. This means any other voltage sources are replaced by short 
circuits as shown in Figure 1-26B. If the circuit contained current sources, they would 
be replaced by open circuits. 


In Figure 1-26B, the two 3kQ resistors are connected in parallel, and have an equiva- 
lent resistance of 1.5kQ. Thus the 10V source circuit quickly reduces to the single 
loop circuit in Figure 1-26C. In Figure 1-26C: 


10V 10V 


lek = A ZSQ^ 1.33mA directed to the right. 


Next, consider the effects of the 20V source "acting alone", as shown in Figure 
1-26D. As you can see, the 6КО апа ЗКО resistors are connected in parallel, and 
have an equivalentresistance of 6kO (ЗКО)/9КО = 2kQ. Figure 1-26Eillustratesthe 
resulting single-loop circuit. In Figure 1-26E, the total current is: 


20V 20V 
= He = БКО = 4mA 


Working backwards from Figure 1-26E to Figure 1-26D, note that I; divides between 
the 6kO and middle ЗКО resistors. Thus, 


_ 4mA (3kQ) 


o Es = 1.33mA directed to the right. 


Thus, the actual current flowing through the 6КО resistor in the original circuit due to 
both sources is: 


lg, = 1.3ЗтА + 1.33mA = 2.66тА directed to the right. 
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Thevenin's Theorem 


Thevenin's theorem is, without question, the single most important tool yet de- 
veloped to simplify the tasks of circuit analysis and design. This is especially true if 
you are mainly interested in obtaining the response associated with a single compo- 
nent - such as aresistor. We will refer to the single component of interest as the load. 
Thevenin's theorem states that: 


Everything in the original circuit, except the load, may be replaced by an 
equivalent circuit. The equivalent circuit consists of the series combina- 
tion of a voltage source and resistance. 


Figure 1-27 illustrates this idea. In Figure 1-27A, we have a circuit that consists of 
four voltage sources, and ten resistors. We are only interested in the responses pro- 
duced іп the resistor that is connected between terminals а and b (R,). Thevenin's 
theorem lets us replace the original circuit to the left of terminals a and b in Figure 
1-27A by the Thevenin equivalent circuit shown in Figure 1-27B. The following rules 
are used to calculate the values of Муң and Вт for a given circuit. 


V V 
Ry 2 Ra Rs = 
| | жшс ыш | | 
$ R6 
(A) V] шш. R2 LOAD Ry 
R7 
^^ (Кен ice 
Ёз Rg Ro b 


ORIGINAL CIRCUIT 


Ктн а 


ұн т. $ LOAD А 


THEVENIN EQUIVALENT CIRCUIT 


Figure 1-27 


Thevenin's theorem 
The circuit in A can be replaced by the Thevenin equivalent circuit in B. 
In each circuit - the currentthrough, the voltage across, and the power 
dissipated by - the ioad (В, in this case) is the same. 
A. Originalcircuit. 
B. Thevenin equivalent circuit. 
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To calculate V4: 


1. Remove the load from the circuit. 

2. Calculate the voltage between the terminals where the load was соп- 
nected. This voltage is called the open-circuit voltage and equals 
Vra. 


To calculate Ry: 


1. Remove the load. 

2. Reduce all sources to zero. This means voltage sources will be re- 
placed by short circuits, and current sources by open circuits. 

3. Calculate the resistance between the terminals where the load was 
connected. This resistance equals R4. 


The following examples illustrate how the rules are applied. 
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Example 1-18 


Calculate the current through the 5kQ load resistor in Figure 
1-28A. 


eei 2KQ 


Ps 23 a 3 uo ТЕ 


ORIGINAL CIRCUIT 


© 


-AKQ + жо a ако ко - 
Е Уу----О m wo 
13, 9 — =i ко тн 12KQ m 
| | Атн 
b 
SOLVING FOR Vr,, SOLVING FOR Вт 


R= 5KQ 





b 


THEVENIN EQUIVALENT CIRCUIT 
Figure 1-28 


Circuits for Example 1-18. 
Original circuit. 
Solving for V+. 
Solving for Rz. 
Thevenin equivalent circuit. 


ooo» 
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To calculate Мт, remove the load as shown in Figure 1-28B. Once the load is re- 
moved, the 4КО and 12kQ resistors are connected in series since, in Figure 1-28B, 
the same current flows through each resistor. Also, since no current flows through 
the 2КО resistor, the voltage across the 2kQ resistor is О. The voltage between termi- 
nals a and bin Figure 1-28B is the Thevenin voltage, Утн. To review some of the con- 
cepts discussed earlier, let's calculate V4, twice. First, calculate the voltages across 
the 4kQ and 12k© resistors in Figure 1-28B by voltage division. 


13.33 (4kQ. 
Мак = Rn = 3;33V 
13.33 (12kQ) 
у Е-е-е ш.— 
u текот 


Next, write two loop equations — either one of which сап be used to calculate V. 
Va = Vax — Viak = 0 — 10У = —10V 
Vab = Va, + Мак — 13.33У = 0 + 3.33V — 13.33У = -10У 
The minus sign simply indicates that terminal a is negative with respect to terminal b. 
To calculate Ry, remove the load and replace the 13.33V source with a short circuit 
as shown in Figure 1-28C. The resistance between terminals a and b in Figure 


1-28C is the Thevenin resistance Ат. Thus, 


12 (4) 
16 





=2+ = 5КО 


Figure 1-28D illustrates the Thevenin equivalent circuit with the 5kO load resistor 
connected between terminals a and b. In Figure 1-28D then: 


М! жу 


IAL ттс 0 q^ mA 





Thus, Thevenin's theorem states that this is the current that flows through the 5КО 
load resistor in the original circuit of Figure 1-284. 
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Example 1-19 


The circuit in Figure 1-29A has both a voltage and a current 
source. Use Thevenin's theorem to calculate the power dissi- 
pated by the 4kQ load resistor. 


(а) 


3KQ a 


15 2KQ Ri * 4KQ 
mA 


c 


ORIGINAL CIRCUIT 





5V 
XQ а 3KQ а 
| — 
ко = 
| RTH 
b 
SOLVING FOR Vx, SOLVING FOR Күң 
Ry, * 5KQ 5 
15 2.18 R = 4KQ 
Wu t? T mA L 
Figure 1-29 


Circuits for Example 1-19. 
Original circuit. 
Solving for Мт. 
Solving for Rz. 
Thevenin equivalent circuit. 


THEVENIN EQUIVALENT CIRCUIT 


oomp» 
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b 
Figure 1-30 а 
у 


То calculate Утн, remove the load as shown in Figure 1-29B. With the load removed, 
the 15mA of current from the current source flows through the 2k€ resistor. Note that 
no current flows through the ЗКО resistor in this Figure. Thus, Vo, = 15mA (2k) = 
30V with the polarity shown in Figure 1-29B. To find Мт, write the following loop 
equation: 


Утн- Vab = Vak + 5V — 30V 
Vra = 0 + 5V — 30V = -25V 


Once again, the minus sign for Мт indicates terminal a is negative with respect to 
terminal b. 


To find Rz}, you must remove the load and reduce all sources to zero. Therefore, re- 
place the voltage source with a short circuit, and the current source with an open cir- 
cuit as shown in Figure 1-29C. The resistance between terminals a and b in Figure 
1-29C is Rey. 


RtH = Rap = ЭКО + КО = 5КО 
Figure 1-29D illustrates the Thevenin equivalent circuit. Therefore: 


220 


lax = tt = aig = 278 ПА 


Pa, = (2.78тА)2 (4kQ) = 30.91mW 


Incidentally, a voltage source in series with a resistance can be converted to an 
equivalent current source in parallel with the resistance, and vice versa. This con- 
cept of source conversions is illustrated in Figure 1-30. To clairify this point, con- 
sider the Thevenin equivalent circuit to the left of terminals a and b in Figure 1-29D. 
Referring to Figure 1-30, the values for the equivalent current source are: 


Iu $ RN 


Source conversions. INE 
. қ VTH* Iy Ry е == 
A voltage source can easily be converted to an equivalent current Күң 
Source and vice versa, as shown above. Тһе sources are equivalent in Ктн E RN TW 
the sense that a load connected between terminals a and b of either М СТН 


source will exhibit the same response. 


DC Circuit Analysis | 1-57 


Ry = Вун = 5КО 


A current source equivalent circuit is called a Norton equivalent circuit. The Norton 
equivalent circuit just developed is illustrated in Figure 1-31. Here, the load current is 
obtained by current division. Thus, 





Figure 1-31 


The (Norton) current source equivalent circuit of the Thevenin 
equivalent circuit in Figure 1-29D. 


_ 5mA(5kQ) 


lac = Sey 1; 


As you can see, this is the same current predicted by the Thevenin equivalent circuit 
in Figure 1-29D. 
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Maximum Power Transfer Theorem 


Practical voltage and current sources always have some internal resistance. In addi- 
tion, as far as the load is concerned, the rest of the circuit may be replaced by a 
Thevenin equivalent circuit. The circuit in Figure 1-32A can then represent either a 
real voltage source, or the Thevenin equivalent circuit of a more complex circuit as 
viewed from the load terminals (a and b). In either case, the load current is: 


® E 


Үн = I ` RL (0TOCO) 


5 
THEVENIN EQUIVALENT CIRCUIT WITH LOAD CONNECTED 





" Rm — RTH Rm 


LOAD POWER VS LOAD RESISTANCE 


Figure 1-32 


A circuit (or source) delivers maximum power to a load when the load 
resistance equals the Thevenin resistance of the circuit (or source). 
A. Thevenin equivalent circuit with load connected. 
B. Load power vs load resistance. 


Утн 


ЕР Вун + RL 


Similarly, the power delivered to the load is: 


Va Ri 


FU чу, 


(Eq. 1-24) 
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Naturally, for a given circuit (or source), different values of R, will produce different 
values of load power. In any circuit however, a particular value of R, will either be 
less than, equal to, or greater than the value of Втң. Thus, by letting В, equal multi- 

Втн 





ples of Ra, (В, = ‚В, = Rey, В, = 2Втн, etc) and then substituting these val- 


ues into Equation 1-24, you can obtain the data necessary to plot the curve sketched 
in Figure 1-32B. As you can see from this chart: 


Maximum power is transferred from a source to a load when the resist- 
ance of the load equals the resistance of the source. 


This simple fact is known as the maximum power transfer theorem. 


Substituting Rz, for В, into Equation 1-24, results in a simple formula for calculating 
the maximum possible load power: 


р -= Vr (Rou) _ Утын (Rr) 
тем” (Ros FR) 4А? 


or 





V. 2 
Pimax = AR. (Eq. 1-25) 
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Example 1-20 


What value of R, in Figure 1-33A produces maximum transfer of 
power from the circuit to the load? What is the maximum possi- 
ble load power? 


9KQ 





ORIGINAL CIRCUIT SOLVING FOR Утң 





10KS2 9KQ 
WS 7“ 
а b 

LA A 
10KQ эко 
Ryp 7 10K || 10K + 9K || 3K 

SOLVING FOR Rz, i 

Ray 7 7.25KQ 
vv 
-- 
Мн" 5У ШЕ 2 Бу = 7.250 


b 
THEVENIN EQUIVALENT CIRCUIT 


Figure 1-33 


Circuits for Example 1-20. 
Original circuit. 
Solving for V. 
Solving for Rr. 
Втн = 10Қ|10К + ЭҚ|ЭК. 
Thevenin equivalent circuit. 


IDEE) озар о 
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To determine V4,,, remove the load as shown in Figure 1-33B. Note that once the 
load is removed, the two 10kQ resistors are connected in series, as are the ЗКО апа 
9КО resistors. Applying the voltage division principle, you have: 


20V (10kQ) 





ie cem c will 
.. 20V(3kQ) _ 
Уж- 12kQO av 


Since in Figure 1-20B, Vab = Утн, you have: 


Vn = Viok = Мак 
Vu = 10V — 5V = 5V 


To determine Rz, remove the load and reduce the 20V source to zero as shown in 
Figure 1-33C. The circuit of Figure 1-33C is redrawn in Figure 1-33D to help you vis- 
ualize the equivalent resistance betweenterminals a and b. Thus, 


Rab = Втн = 10КО10КО + 9kOJ|3kO 
Ry, = 5КО + 2.25KQ 
Ry, = 7.25КО 


Тһе maximum power transfer theorem states that when В, = 7.25КО, maximum 
power will be transferred from the circuit in Figure 1-33A to the load. To determine 
the amount of maximum power, you can use Equation 1-25. Thus, 


Р Vu _ (5VyY 25V 
[тах Ад, 4(7.25К0) 29КО 





Р, тах = 0.862mW = 862uW 


Figure 1-33E illustrates the Thevenin equivalent circuit. Incidentally, the original cir- 
cuit in Figure 1-33A is called a Wheatstone bridge. If you look carefully atthe circuit 
in Figure 1-33A, you can see that the resistors are not connected in simple series ог 
parallel combinations. Thus, a Wheatstone bridge cannot be analyzed by series- 
parallel techniques. This is a classic example where Thevenin's theorem simplifies 
an analysis that would otherwise be difficult. 
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Self-Test Review 


27. 
28. 


29. 


30. 


31. 


32. 


33. 
34. 


35. 


36. 


37. 


38. 


39. 
40. 
41. 


imam circuit, component values are constant. 

cannot be used to calculate power directly in 
DC circuits. 
When sources are reduced to zero, voltagesourcesarereplacedby 
circuits and current sources are replaced by circuits. 
Another name for the Thevenin voltage is the 


The Thevenin resistance is calculated by removing the .  .— ‚апа 

reducingall = = =  Á  ) (tozero. 

A voltage source in series with a resistance can be converted to an equivalent 
sourcein — — with the resistance. 

A circuit is a current source equivalent circuit. 

Maximum power transfer occurs when the | resistance 

equals the Thevenin resistance of the circuit or source. 

The TZ bridge is an example of a circuit that cannot 

be reduced by series-parallel methods. 


6KQ a 
4” 


12KQ 





Figure 1-34 


Circuit for Seif-test Review questions 36-43. 


In Figure 1-34, the current through the 12КО resistor due to the 42V source, is 
mA directed | 
upward/downward 
In Figure 1-34, the current through the 12k resistor due to the 14V source, is 
mA directed 


upward/downward 
The actual current through the 12kQ resistor in Figure 1-34 due to both 
sources, is mA directed 


upward/downward 


The Thevenin voltage V+, in Figure 1-34 is  — T OVE 
the Thevenin resistance Ңт in Figure 1-34 is KO 
The Norton equivalent circuit for Figure 1-34 has a mA current 


source connected in parallel with a resistance of kQ. 
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42. The Norton equivalent circuit for Figure 1-34 predicts a current of mA 
directed through the 12 КО resistor. 


upward/downward 
43. То achieve maximum power transfer, the 12k resistor in Figure 1-34 should 
be changed to kQ If this is done, the maximum load power will equal 
туу 


Answers 


27. linear . jT, upward 

28. Superposition . 0.67, downward 

29. Short, open . 0.33, upward 

30. opencircuit voltage . 4.67 

31. load, sources ч 2 

32. current, parallel . 2.34,2 

33. Norton . 2,downward ‚ 
34. load t 8,2398 

35. Wheatstone 


The solutions to questions 36-43 follow. 
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6KQ a 


a 
ж 
Lo] 
о 


+ 


GE == $ 12КО 3K ||12K = 2. 4KQ 





c 
cr 


REDUCING THE 14V SOURCE TO ZERO SINGLE LOOP CIRCUIT 


Figure 1-35 


Considering the effect of the 42V source in Figure 1-34. 
A. Reducing the 14V source to zero. 
B. Single loop circuit. 


36. Refer to Figure 1-35. 


Once the 14V source is reduced to zero, the ЗКО and 12k resistors are connected 
in parallel as shown in Figure 1-35A. Thus, 


2) 


3kQ]|12k0 = э = 2.4КО as shown in Figure 1-35B. 


The total current from the 42V source is: 


The total current divides between the ЗКО and 12КО resistors in Figure 1-35A. Ap- 
plying the current division principle, you have: 


5mA (ЗКО) 


ka= Ka = 1mAdirected upward 
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gu 





жо $ 
+ 
| 2тА $ 6к|12к = 4KQ 
WES 
b b 
REDUCING THE 42V SOURCE TO ZERO SINGLE LOOP CIRCUIT 
Figure 1-36 


Considering the effect of the 14V source in Figure 1-34. 
A. Reducing the 42V source to zero. 
B. Single loop circuit. 


37. Refer to Figure 1-36. 


Reducing the 42V source to zero yields the circuit shown in Figure 1-36A. Note that 
the 6КО and 12k resistors are connected between points a and b and are, there- 
fore, connected in parallel. 


Sum 


ekO|12k0 = 18 


= 4КО as shownin Figure 1-36B. 


The total current from the 14V source is: 


The total current divides between the 6КО and 12КО resistors in Figure 1-36A. Using 
the current division principle once more yields: 


2mA (6kQ) 


= = 0.67 іг 
liak 18kQ 0.67mA directed downward 


38.  Viathe superposition principle, you have: 


la, = 1тАТ + 0.67mA J, = 0.33mA directed upward 
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® 


KOL а 6KQ a 
3KQ 3KQ 
тү = I Я VIH 
| zi 
RTH 
b b 
SOLVING FOR Vr, SOLVING FOR Rrj, 
©) (о) 

Ктн = 209 а а 


у | | 
тн == 2.34тА iR 
- 2 N 
4. 67V |! | EM F Sn 5 xo 
b 


THEVENIN EQUIVALENT NORTON EQUIVALENT 
Figure 1-37 


cr 


Applying Thevenin's theorem to the circuit in Figure 1-34. 
A. Solving for Vr. 
B. Solving for Rz. 
C. Thevenin equivalent. 
D. Norton equivalent. 


39.  Referto Figure 1-37. 


To calculate V4, remove the 12КО load resistor as shown in Figure 1-37A. Applying 
Kirchhoff's voltage law, you have: 


42V + 14V — I (8kQ) — 1(6kQ) = 0 
I (9KQ) = 56V 
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The voltage across the ЗКО resistor is therefore: 
Vak = 6.22тА (ЗКО) = 18.67V 


Finally: V4, = Мін = Va, = 14V 
Утн = 18.67V — 14V = 4.67V 


40. Refer to Figure 1-37B. 


Removing the 12k load resistor and reducing the sources to zero, you have the cir- 
cuit shown in Figure 1-37B. Thus, 


Rab = Втн = 6КОЦ|ЭКО = 20, 


41,42. Тһе Thevenin equivalent circuit is illustrated in Figure 1-37C. Converting to 
an equivalent current source, you have: 


Rn = RH == 2к0, 
олу ape LEN 
In = Вт, 7 20 = 2.34mA 


Figure 1-37 illustrates the Norton equivalent circuit. 
43. For maximum power transfer: 
В, = Нтн == 2kQ 


Vm _ (4.67V)?  21.81V 


Pimax 4Rr,  4(2kQ)  8kQ 











= 2.73mW 
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SUMMARY 


The following points summarize the key ideas of this unit. 


Charge is measured in units of coulombs. The flow of electric charges is current. In 
this course, we assume current is due to the movement of negative charges and, 
therefore, flows from minus to plus. This assumption is referred to as the electron 
current flow convention. 


Resistance is the opposition to current flow and has units of ohms. The reciprocal of 
resistance is called conductance and has units of mhos, or siemens. Voltage has 
units of volts, and may be thought of as the electrical pressure that forces current to 
flow. The relationship between current, voltage, and resistance is summarized by 
Ohm's law, which states that: 


R 


Power is the rate of doing work. For DC circuits, the following relationships may be 
used to compute electrical power that has units of watts. 


М 
= = |2 с Пл» 
P=VI=IFR R 


Kirchhoff's current law states that the algebraic sum of the currents entering and 
leaving a node must be zero. Similarly, Kirchhoff's voltage law states that the alge- 
braic sum of the voltages around a closed loop must equal zero. The term algebraic 
sum refers to the direction of a current, or the polarity of a voltage. If you get a nega- 
tive answer, when you are solving nodal or loop equations, your initial assumption 
concerning the direction of a current, or polarity of a voltage, is incorrect, so you must 
reverse the direction. 


In a series circuit, the same current flows through each component. The equivalent 
resistance of a series circuit equals the sum ofthe resistors in thecircuit. The voltage 
division principle lets you quickly calculate the voltage across any resistor in a series 
circuit from: 
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In a parallel circuit, the voltage across each component is the same. The equivalent 
resistance of a parallel circuit can be determined by: 


For two parallel resistors, the equivalent resistance is: 


__R,R2 
Ас В, + Ro 


The current division principle applies to two parallel resistors, and enables you to 
quickly calculate the current through either resistor. Specifically: 


and l> = 
2 


oe Үз Жән: ан 
ЕРІТЕ AR T B, + В, 


Series-parallel circuits are combinations of series and parallel circuits. Such circuits 
are analyzed by reducing the given circuit to a single loop, and then working back- 
wards. 


Several circuit theorems are especially useful for analyzing multisource circuits. The 
superposition theorem lets you calculate a current or voltage by algebraically adding 
the current or voltage produced by each source acting alone. The superposition 
theorem cannot be used to calculate power directly, since power is not a linear quan- 
tity. 


Thevenin's theorem is an extremely useful technique for analyzing circuits. This 
theorem allows you to picture a complex circuit (as seen from the load terminals) as 
the series combination of an equivalent voltage source and resistance. A Thevenin 
equivalent circuit can easily be converted to an equivalent current source, or Norton, 
equivalent circuit. 


Another useful circuit theorem is the maximum power transfer theorem. This 
theorem states that maximum load power results when the load resistance equals 


the Thevenin resistance of the source (or circuit) supplying power to the load. 


Complete Experiment 1, Unit 8 at this time. 


1-70 UNIT ONE 


UNIT EXAMINATION 


The following multiple choice examination is designed to test your understanding of 
the material presented in this unit. Place a check beside the multiple choice answer 
(A, B, C, or D) that you feel is most correct. When you have completed the examina- 
tion, compare your answers with the correct ones that appear after the exam. 


1. Acoulomb is a unit of: 


A. Current. 
B. Charge. 
C. Work. 
D. Voltage. 
2. A flow of one coulomb per second is: 
A. One volt. 
В. Oneohm. 


С. Опеатреге. 
D. Onejoule. 
3. Voltage represents: 
A. Opposition to current flow. 
B. Therate of doing work. 
C. Electrical pressure. 
D. Charge per unit time. 
4. A conductance of 0.2 siemens equals: 


A. 5ohms. 
B. 5mhos. 
C. 0.2 пһов. 
D. AandC. 

5. 1MQ is equivalent to: 
A. 1000К0. 


B. 1000 x 10 20. 
С ni x0? mhos: 
D: '*1000-x 10790; 
6. V = 20%, В = 5kQ,lis therefore: 


A. 4A. 
В. 40А. 
C. 0.25pA. 
О. 4mA. 
7. All parallel circuits contain only: 
A. Twoloops. 
B. Linear components. 
C. Two nodes. 
D. Tworesistors. 
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8. Asingle path between two nodes is called a: 


A. Loop. 

B. Branch. 

C. Source. 

D. Resistance. 


35V 


2KQ 
em 
— OV 


жу =" I 


— 7. / 


эко 
Figure 1-38 


Circuit for Question 9 and 10. 


9. Refer to Figure 1-38. The correct loop equation for the circuit is: 
A. 25V +1(2КО) — 35V + 5V + I(3kQ) = 0 
B. -25У/-1(2К0) + 35V — 5V — !(ЗКО) = 0 
С. 25V —!1(2КО)— 35V + 5V — !(ЗКО) = O 
D. 25V + 1(2kQ) + 35V + 5V + I(3kQ0) = 0 


10. Refer to Figure 1-38. The loop current | equals: 


A. 0. 

B. 1mA. 
С. -1mA. 
D. 2mA. 


эко 
10mA 10K2 


$ жо 


Figure 1-39 
Figure 1-39 circuit for Question 11. 


11. Refer to Figure 1-39. Using current division, the current through the 3KQ resis- 


tor is: 
A. | = 10mA (10kQ)/15kQ. 
B. | = 10тА(10КО)/13КО. 
C. | = 10mA (5КО)/15КО. 
D. |= 10mA (10kO)/20kQ. 
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ЗА 
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Question 12. 


12. Refer to Figure 1-40. The current |, equals: 


30 
А ov 
$ 30 
| 30 
R 
AB B 


Figure 1-41 


A. 0. 

B. 1A. 
C. 2A. 
D. 3A. 


Circuit for Question 13. 


13. Refer to Figure 1-41. Rag equals: 


А. ЗО. 
B. 40. 
SO 





Figure 1-42 


Circuit for Questions 14 to 19. 


Refer to Figure 1-42 for Questions 14 through 19. 
14. Тһе Тһеуепіп voltage equals: 


A. 3.3V. 
Б. 670 
б, ӘУ. 
D. 10V. 
15. Тһе Thevenin resistance equals: 
A. 2КО. 
В. Sk: 
C. 1kQ. 
D. 0.67КО. 
16. Maximum power transfer occurs ІҒН, equals: 
A. 2КО. 
B. ЗКО. 
С. 1kQ. 
О. 0.67КО. 
17. Тһе maxiumum possible load power is: 
A. 12.54W. 
B. 12.5mW. 
C. 12.5W. 
D. 125W. 
18. The value of the Norton current ly is: 
A. 5һА. 
B. 5mA. 
C. 5A. 
D. 50A. 
19. The value of the Norton resistance Ry is: 
A. 2КО. 
В. ЗКО. 
С. 1к0. 


D. 0.67КО. 
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8KQ 
ES EA 
| IT 
16KQ 
Figure 1-43 
Circuit for Question 20. 


20. Refer to Figure 1-43. By superposition, the voltage across the 16КО resistor 


IS: 
A. 5.33У. 
B. 10.67V. 
C. 12%. 
D. 16V. 


со 


10. 


ve 


12: 


еа 


Оооо о 
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EXAMINATION ANSWERS 


The unit of electrical charge is the coulomb. 

One ampere is defined as one coulomb per second. 

Voltage is the electrical force or pressure that causes current to flow. 
Conductance is the reciprocal of resistance and vice versa. The units 
of conductance are mhos or siemens - with siemens being the pre- 
ferred units. Thus 0.25 = 0.20. The equivalent resistance is: 


1МО = 1 x 1080 = 1000 x 1030 ог 1000kQ 
From Ohm's law: 


Each component in a parallel circuit is connected between the same 
pair of nodes. 
A branch is a single path between two nodes. 
Starting on the positive side of the 25V source and moving clockwise 
around the circuit, you have: 

25V - 1(2К0) - 35V + 5V - I (3kQ) = 0 


25V — 35V + 5V = | (2kQ) + | (3kQ) 
— 5V = 1(5КО) 
-5V 


БКО ^ —1тА 


The negative sign indicates | actually flows іп a counterclockwise di- 
rection rather than the clockwise direction shown in Figure 1-38. 

The ЗКО and 2КО resistors have an equivalent resistance of 5КО. 
Therefore: 


lsk = lg, = 10mA (10КО)/15КО = 6.67mA 
Starting with 1,, you can write the following nodal equation: 


|, + 2А + ЗА – бА + ЗА - 2А = 0 
|, + ВА – ВА = 0 
ъ= 0 
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13. 


14. 


19: 


16. 


AA 


18. 


19: 
20. 


B 


The three ЗО) resistors on the right side of the circuit are connected in 
parallel, and thus have an equivalent resistance of 3/3 or 10. This 10 
equivalent resistor is connected in series with the remaining 30 resis- 
tor, giving a total resistance of 40. 

Once the load is removed, the current through the 2k€ resistor is 0. 
Thus the voltage across the 2k€ resistor is also O. Starting at terminal 
a and moving around the circuit to terminal b, you have: 


Vab P Утн T Vox + 10V 
Vra = 0 + 10V 
Vou = 10V 


Once the 10V source is reduced to zero, the 1КО resistor is shunted by 
a shortcircuit. Thus, 


Rab = Вун = 200 + 0 = 2КО 


Maximum power transfer occurs when В, = Rey. Since Rz, = 2КО, 
R, must = 2kQ 
The maximum possible load power can be found from Equation 1-25. 
Therefore: 
Pac Vin? — (10V)? 
тая аңы 4(2k0) 





= 12.5mW 


Rn LI Ru = 2kQ 
When the 4V source is reduced to zero: 


12V 
Е EA SMA lockwi 
| ко 0.5mA (counterclockwise) 


Similarly reducing the 12V source to zero: 


| = 0.167mA (clockwise) 


_ N 
^ 24kQ 
Thus the actual current with both sources active is: 


| = 0.5mA - 0.167тА = 0.333mA (counterclockwise) 
Therefore: 


Visk = 0.383mA (16kQ) = 5.33V 
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INTRODUCTION 


In the previous unit we reviewed the techniques used to analyze resistive DC cir- 
cuits. In this unit we introduce two additional circuit components: inductors and ca- 
pacitors. We will review the DC characteristics of these components, and develop 
the mathematics necessary to describe how these components work in DC circuits. 
In addition we will discuss logarithms and the mathematics of complex numbers. 
Complex numbers are necessary to analyze and design AC circuits. Without a 
background in the language of electronics (mathematics), your ability to analyze, 
and design circuits will be very limited. The purpose of this unit, then, is to help you 
learn this language. It will significantly increase your ability to design circuits and to 
understand how they work. 
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UNIT OBJECTIVES 


When you have completed this unit, you should be able to: 


-— 


Define capacitance and inductance. 

Calculate the energy stored in a capacitor or inductor. 

Determine the equivalent capacitance of series, parallel, and series-parallel 
combinations. 

Determine the equivalent inductance of series, parallel, and series-parallel 
combinations. 

State the formula for capacitive voltage division. 

Write an equation that describes capacitor voltage and current in single- 
loop RC circuits. 

Write an equation that describes inductor voltage and current in single-loop RL 
circuits. 

Convert natural logarithms to common logarithms, and vice versa. 

Calculate the amount of time for the voltage across a capacitor to reach a par- 
ticular value in a single-loop RC circuit. 

Convert current, voltage, and/or power ratios to their dB equivalents, and vice 
versa. 

Define real, imaginary, and complex numbers. 

Add, subtract, multiply, and divide rectangular numbers. 

Multiply and divide polar numbers. 

Convert rectangular numbers to polar numbers, and vice versa. 
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UNIT ACTIVITY GUIDE 


Read the section on “RC Switching Circuits." 
Answer Self Test Review Questions 1-18. 

Read the section on *RL Switching Circuits." 
Answer Self Test Review Questions 19-34. 
Read the section on “Logarithms.” 

Answer Self Test Review Questions 35-46. 
Read the section on "Rectangular Complex Numbers." 
Answer Self Test Review Questions 47-58. 
Read the section on “Polar Complex Numbers." 
Answer Self Test Review Questions 59-68. 
Study the Summary. 

Complete Experiment 2 in Unit 8. 


Complete the "Unit Examination." 


Ege OFA eat MA ж c LY’ (LAT al CIEL a 


Check the "Examination Answers." 
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RC SWITCHING CIRCUITS 


With the exception of resistors, capacitors are the most frequently used components 
in electronic circuits. Although capacitors are generally found in AC circuits, the 
characteristics they exhibit in DC circuits are also very important. This is especially 
true in DC circuits where abrupt voltage changes can occur. In this section, you will 
learn how the current through and voltage across a capacitor in a DC circuit can be 
described. In later units, you will see how these "mathematical descriptions" are 
used to design a number of useful circuits. 


Switching Basics 


As the words imply, switching circuits employ one or more switches in addition to 
numerous other components. The ideal switch is an example of a perfect binary (two 
state) device. When closed, an ideal switch has a resistance of zero ohms (short cir- 
cuit), and when open its resistance is infinite (open circuit). 


The currents and voltages in a switching circuit can change abruptly when a switch is 
"switched" from one state to the other. Figure 2-1 illustrates this concept, and intro- 
duces some relevant switching notation. Initially, the switch in Figure 2-1 A is open; 
and since the current (I) is zero, the output voltage is also zero as indicated in Figure 
2-1 B. At some point in time, t = O, the switch is closed. Thus, the current (I) instan- 
taneously rises to the Ohms law value V/R (5mA in this case), producing an output 
voltage of 5V as shown in Figure 2-1 C. 


The curve in Figure 2-1 D is a "picture" of the circuit action just described. It is impor- 
tant to realize that we are assuming, for simplicity, that the circuit in Figure 2-1 is 
composed of "ideal" components. The non-ideal effects of real components will be 
discussed in a later unit. In Figure 2-1, you should note the following: 


t = O refers to the instant the switch is thrown from one position to the 
other. 


t = O- refers to the point in time just before t = O. 
t = 07% refers to the point in time just after t = 0. 


Clearly, the value of the output voltage is OV att = 07 and 5V att = 0*. The value of 
the output voltage att — O is not defined, because at this instant it is assumed to 
change instantaneously from OV to 5V. The point to remember is simply this: before 
the switch is closed (t = 07), the currents and voltages have particular initial values; 
after the switch is closed (t — 0*), the values of the currents and voltages have 
changed to their final values. Incidentally, the notation v(t) (pronounced v of t) means 
“voltage as a function of time”. This notation is used to describe responses whose 


values change with time. 
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А 
i 1KQ 
| У (+) 
10У === 
| 1К0 


SWITCHING CIRCUIT 


B C 
1KQ + 1KQ. 
L 0v + 5у 
10v — 140 1KQ 10У--- 5mA 1KQ 
“0 1-0” 
D 
V(t) 


0 
OUTPUT VOLTAGE VERSUS TIME 


Figure 2-1 


Abrupt voltage change due to a switch. 
A. Switching circuit. 
В. ї = 0-. 
С.ї= 0+. 
D. Output voltage versus time. 
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Capacitance 


A component exhibits the property of capacitance when it opposes a change in 
the voltage across it. Naturally, components specifically designed to exhibit this 
property are called capacitors. In its simplist form, a capacitor consists of two con- 
ductors separated by a dielectric, or insulating, material. This "construction" of a ca- 
pacitor is suggested by the two commonly used schematic symbols illustrated in Fig- 
ure 2-2. 


A B 


——rT— -- 


ONE CURVED LINE TWO PARALLEL LINES 





Figure 2-2 


Schematic symbols for capacitors. (Both symbols are commonly 
used.) 

A. One curved line. 

B. Two parallel lines. 


Figure 2-3 illustrates what happens when a capacitor is connected to a DC voltage 
source. Since the dielectric separates the two plates, no current can flow through the 
capacitor. Nevertheless, the DC voltage source will force electrons into the plate 
connected to the negative terminal and pull them out of the plate connected to the 
positive terminal once the switch is closed, as shown in Figure 2-3 B. As the capaci- 
tor charges, an electric field is established in the dielectric material separating the 
two plates. The strength of the electric field increases as more and more charge is 
accumulated and, as a result, a voltage builds up between the two plates. This 
charging process continues until the voltage across the capacitor equals the source 
voltage (V). At this point the capacitor is fully charged, and no further movement of 
electrons occurs. 


If the capacitor is now disconnected from the charging circuit, as shown in Figure 2-3 
C, it will retain its charge. Thus, a capacitor stores electrical energy in the form of an 
electric field. The amount of charge stored by a capacitor is given by the following 
formula: 


Ә= СУ (Eq. 2-1) 
where: О - charge stored in coulombs (С) 


V — capacitor voltage in volts (V) 
C = capacitance in farads (F) 
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As you can see, the unit of capacitance is the farad, named in honor of Michael Fara- 
day. A farad is defined as the amount of capacitance that will store one coulomb of 
charge when the voltage across the capacitor is one volt. A farad is a very large 
amount of capacitance; typical capacitors have capacitance values in uF, pF, etc. 


Figure 2-3D shows how the energy stored in a capacitor can be removed. By con- 
necting a resistor across the plates of a charged capacitor, a discharge path is pro- 
vided so the excess electrons stored on the negative plate can flow to the positive 
plate. They will flow until each plate is electrically neutral. At this point, there is no 
further electron movement and the capacitor is fully discharged. 





UNCHARGED CAPACITOR - OPEN SWITCH CLOSING THE SWITCH CAUSES THE 
CAPACITOR TO ACCUMULATE CHARGE 


C D 
R 


+ + | + + 
“ты 
V 
A 
CHARGED CAPACITOR DISCONNECTED DISCHARGING THE CAPACITOR 
FROM THE VOLTAGE SOURCE 





Figure 2-3 


Charging and discharging a capacitor. 
A. Uncharged capacitor — open switch. 
B. Closing the switch causes the capacitor to accumulate 
charge. 
C. Charged capacitor disconnected from the voltage source. 
D. Discharging the capacitor. 
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Capacitors, like resistors, may be connected in series, parallel, or series-parallel 
combinations. To calculate the equivalent capacitance for series and parallel combi- 
nations, use the following formulas. 


SERIES CONNECTION 


1 1 
XE чы Qr н BRAE 
C (Eq. 2-2) 


n 


For two capacitors connected in series, Equation 2-2 reduces to: 


Ст =  CiC» (Eq. 2-3 
T С (Еа ) 


PARALLEL CONNECTION 


CIEGO 5.365 (Eq: 2:5) 


As you can see, the relationships for computing total capacitance are just the oppo- 
site of those used for computing total resistance. 
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Example 2-1 


Compute the total capacitance for the circuits shown in Figure 2-4. 
| SUF БЕЙДІ | 


ск a е 


SERIES COMBINATION PARALLEL COMBINATION 


ek 
с 1 vp э 


SERIES-PARALLEL COMBINATION 


20uF 





Figure 2-4 


Circuits for Example 2-1. 


A. Series combination. 
B. Parallel combination. 
С. Series-parallel combination. 
Figure 2-4A: 
Ce = C, С - 500 = дұр 
С С; 25 
Figure 2-4B: 


Ст = С, + Co = 5 + 20 = 254F 


Figure 2-4C: 


The series combination of the бр F and ЗЕ capacitors is: 


The equivalent 2Һ.Ғ capacitor is connected in parallel with the 8uF capacitor, giving 
a total capacitance of: 


Ст = 2рЕ + 8uF = 10Р 


2-11 
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One ofthe interesting characteristics of series-connected capacitors, such as those 
shown in Figure 2-5, is the way the source voltage divides between the capacitors 
once they are fully charged. Recallthat О = CV (Eq. 2-1). Thus, the voltage across a 
capacitor must equal Q divided by C. Since the charging current is the same at all 
points in a series circuit, it follows that the charge is the same on each capacitor 
(Q4, = О, = Q,... =Q,). Since the charges are equal, the voltage across each 
capacitor is determined only by the value of each capacitor, and the value of the 
source voltage (V;). Also, since the capacitor voltage is inversely proportional to the 
capacitance, the smallest capacitor will have the largest voltage across it. 
Specifically, the formula for capacitive voltage division is: 


Vy = Vr (C) (ға.2-6) 
Cn 


< 


where: т = source voltage 
total capacitance of the series connected capacitors 


= any capacitor in the series string. 


ОО 
ч 


= 
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Capacitive voltage division. 
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Example 2-2 


Calculate the voltage across each capacitor in Figure 2-6. 


ГЪ 


10v -—- І 2uF 
| T ЭНЕ 


Figure 2-6 


Circuit for Example 2-2. 


You must first compute the total capacitance (C,), and then apply the formula for 
capacitive voltage division. 


1 1 1 1 
— = — + — = -- 
c NECEM 09 
NS 
Ст 6 
6 
Сұ = — = 0.546·Е 
11 
Тһегеїоге: 
0.546 (1078) (10) 
ааа ES 5Id6 Vi 
5 1(10-5) 


0.546 (10-9) (10) 
o DE зе 2 TOV 
Уг 2 (109) 


0.546 (109) (10) 
ус uro ue АА um (RV 
pus 3 (10-9) 


Incidentally, the amount of energy stored in a capacitor is given by: 


W = > CV? (Eq. 2-7) 


where: W = energy stored in joules (J) 
C = capacitance in farads (F) 
V = voltage in volts (V) 
Q = charge stored in coulombs 
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Example 2-3 


Calculate the charge and energy stored in each capacitor in Example 2-2. 


14 F capacitor 


Q = CV = 1pF (5.46V) = 5.46 coulombs 


we 1 cv = 1 (ыр) (546? = 1494J 
2 2 
2uF capacitor 
Q = CV = 2uF (2.73V) = 5.464 coulombs 
ык ЛЕС Srl (ыр) ers. = 745. 
2 2 
ЗЕ capacitor 
О = CV = 3pF (1.82V) = 5.46 р coulombs 
Ww = I Су? = > (ЗыЕ) (1.82? =  497uJ 


Note that the smallest capacitor (14.F) stores the most energy (14.9 uJ). Also note 
that each capacitor stores the same charge (5.46. coulombs). 
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RC Switching Circuits 


Earlier, you saw that abrupt changes in currents and voltages can occur when a 
Switch is opened or closed. In real circuits, instantaneous voltage changes cannot 
occur because real circuits always contain some capacitance. Consider, for 
example, two parallel wires separated by air. Since the wires are conductors and air 
is a dielectric, you have capacitance — whether you want it or not! In most 
applications such "stray capacitance" is usually, but not always, small enough to 
neglect. In real circuits the voltages may change very rapidly, but not 
instantaneously. 


Earlier, we briefly outlined how a capacitor charges when it is connected to a DC 
voltage source. Recall that the initial capacitor voltage, just before the switch was 
closed (t = 07), was zero volts. Once the switch was closed (t = 0), you learned that 
the capacitor voltage built up until itequaled the source voltage (V). Similarly, during 
the time it took for the capacitor voltage to rise from zero volts to V volts, the current 
decreased from some initial value to zero. We stressed the concept that the voltage 
across a capacitor cannot change instantaneously. Based on this fact, and our 
discussion of how a capacitor charges from a DC voltage source, you can deduce 
the following important characteristics of capacitors in DC circuits: 


1. Since capacitor voltage cannot change instantaneously: 


The value of the capacitor voltage att = 0- (the instant just before the 
switch is closed) must equal the value of the capacitor voltage at 
t = 0* (the instant just after the switch is closed). 


Clearly, the voltage across an uncharged capacitor is zero volts. 
Thus, the capacitor voltage must also be zero volts the instant just 
after the switch is closed. This means the capacitor acts like a 
short circuit at t = 0*, as shown in Figure 2-7 B. Also, since the 
capacitor voltage is zero volts, the entire source voltage appears 
across R att = 0+. Thus the initial values are: 


t = 0* (RC charging circuit) 
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mooo» 


. Original circuit. 

. Equivalent circuit att = O*. 
. Equivalent circuit att ==. 

. Capacitor current. 


2. Опсе the capacitor is fully charged (Ус = V), the current has 
decreased to zero. Theoretically, it takes an infinite amount of time 
for the capacitor to become "fully charged". For this reason, we will 
say the capacitor is fully charged att = >. 


Since no current flows, the capacitor acts like an open circuit at 
t = >, as illustrated in Figure 2-7C. Thus the final values аге: 


1-0 
t = = (RC charging circuit) 
Vc m V 


Figures 2-7D and 2-7E illustrate how the capacitor current and voltage change with 
time in an RC charging circuit. Curves like these are called exponential curves. We 
will have more to say about this shortly, but first we'll look at the RC discharging 
circuit. 


d 


ORIGINAL CIRCUIT 


rmi 





jT V y 
EQUIVALENT CIRCUIT AT EQUIVALENT CIRCUIT AT 
v {= оо 
t=0 
i (t D Ve (0 E 






INITIAL CURRENT 






FINAL VOLTAGE 
Figure 2-7 


The RC charging circuit. 


FINAL CURRENT 
[^ INITIAL VOLTAGE 


Capacitor voltage. CAPACITOR CURRENT CAPACITOR VOLTAGE 
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Recall that when a resistor is connected across a charged capacitor (via a switch), 
current flows from the negative plate to the positive plate until each plate is 
electrically neutral. Since the capacitor was charged to some voltage (V,) before the 
switch is closed, it follows that the capacitor voltage att = 0+ mustalso be V, volts. 
Thus: 


The capacitor acts like a voltage source of V, volts at t = 0”, as 
shown in Figure 2-8B. Also, since the resistor is connected across the 
capacitor, the voltage across the resistor is also V, volts att = 0+. Thus, 
the initial values are: 





№ 
В t = 0* (RC discharging circuit) 
Vc = Vo 
A B 
t=0 
+ 
l | | 
ORIGINAL CIRCUIT EQUIVALENT CIRCUIT AT 
t= 0* 
D 
i (t) с Vc (0) 
Vo Vo 
R: 








FINAL CURRENT FINAL VOLTAGE 


| 


CAPACITOR CURRENT CAPACITOR VOLTAGE 





Figure 2-8 


The RC discharging circuit. 
A. Original circuit. 

B. Equivalent circuit at t = 0+. 
C. Capacitor current. 

D. Capacitor voltage. 
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Once each plate is electrically neutral, the current and voltage are also zero. 
Theoretically, an infinite amount of time is required for a capacitor to "completely dis- 
charge". Thus, we will say the capacitor is completely discharged at t = х. There- 
fore, the final values are: 


t = х (RC discharging circuit) 


The capacitor current and voltage curves for the RC discharging circuit are given in 
Figure 2-8 C and Figure 2-8 D respectively. Like the RC charging circuit, these 
curves are also exponential curves. As a matter of fact, the curve for any current or 
voltage in a single loop RC circuit, driven from a DC source, will always be exponen- 
tial. Thus, every current or voltage starts at some initial value, and then expo- 
nentially rises or decays to some final value. 
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The following equations were derived using calculus. They describe how an 
exponential current or voltage rises or decays from the intial value to the final value. 


(t) = (I, 1) e** +1, — (Eq.2-8) 


v(t) = (м, Ex V2) ek У, (Еа. 2-9) 


where: l, V, = initial current or voltage 
V, = final current or voltage 


t 

e — base of the natural logarithms. This is simply a number which is 
approximately equal to 2.718 

1 — RC andiscalled the time constant. 


Recall that ittakes an infinite amount of time for a capacitor to "completely" charge or 
discharge. This is, of course, longer than most experimenters would care to wait 
before continuing with an experiment! From a practical point of view, then, how long 
does it take for a capacitor to effectively charge or discharge? To answer this 
question let's consider two unit exponential functions, namely: 


1-ev* (A) Which has an initial value of 0, and a final value of 1 
(rising exponential) 


and 


et (B) Which has an initial value of 1, and a final value of 0 
(decaying exponential). 


By substituting different values oft into the two functions, we can predict their values 
at different times. We will do this for values oftthat are multiples of the time constant 
(1). For example, after a period of time equal to one time constant we have: 


! 1 
a т = - т ш - -1 = ere 
1 е 1 е 1 е 1 2718 


ӨЗ: cep Wes ча: үй чә: 1 ж 0268 ж 368% 
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Thus, after a period of time equal to one time constant, the rising exponential has 
reached 63.2% of its final value. Similarly, the decaying exponential has decayed to 
36.8% of its initial value. By substituting values of t equal to 27, 37, 47, and 57, you 
can obtain the data given in Table 2-1. 


Time in 
time constants | %rise | ?e decay 
1 


ECIAM 





Table 2-1 


% Rise and decay of unit exponential functions. 


Table 2-1 states that, after a period of time equal to five time constants, the rising ex- 
ponential has reached 99.3% of its final value. Similarly, the decaying exponential 
has decayed to 0.7% of the initial value. Thus, for practical purposes we will as- 
sume a capacitor is fully charged, or discharged, after a period of time equal to 
five time constants. 


The data in Table 2-1 is plotted in Figure 2-9. Since we have expressed time in 
multiples of time constants, and the value of each function as a percentage, the 
curves in Figure 2-9 are normalized. This means you can use these curves to predict 
the current or voltage іп any single-loop RC circuit. Incidentally, once the currents 
and voltages have reached their final values, they are called steady-state 
responses. The currents and voltages in a circuit before the steady-state condition 
has been reached are called transient responses. As you now know, the transient 
condition lasts for a period of time equal to five time constants. The following 
examples will help clarify the ideas just discussed. 


195% 
86.5%| | 


CURVE A (I-e-t/T 











Figure 2-9 





Normalized exponential curves. 
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Example 2-4 


The capacitor in Figure 2-10 has ОУ across it before the switch is 
closed. Determine: 


(a) The voltage across and the current through the ca- 
pacitor just after the switch is closed. 

(b) Тһе final values of capacitor current and voltage. 

(c) The approximate amount of time it takes to reach 
the final values once the switch is closed. 

(d) Thevalue of the capacitor current and voltage two 
seconds after the switch is closed. 

(e) Equations that describe the capacitor current and 
voltage once the switch is closed. 

(f) The value of the capacitor current and voltage 
one-tenth of a second after the switch is closed. 


IMQ 


Figure 2-10 


Circuit for Example 2-4. 
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IMQ IMQ 


10у = 10uA 10У = 10V 
Figure 2-11 | 
Analysis of the circuit in Figure 2-10. 
A. Equivalent circuit at t = 07. EQUIVALENT CIRCUIT AT EQUIVALENT CIRCUIT AT 
B. Equivalent circuit at t = =. 4 ез СЕ 


C. Capacitor current. 
D. Capacitor voltage. 


i (t) v (t) 
10ШҮА 10V 






C 
8uA 8V 
г р 


6uA CAPACITOR CURRENT 6V 
CAPACITOR VOLTAGE 


4uA 10ҺА e-t 4у 10 (1-675) 


2uA 2V 
t (s) et (s) 
0 1 2 3 4 5 0 1 2 3 4 5 


(a) Since the capacitor voltage was ОУ just before the switch was closed, it is OV 
just after the switch is closed att = 0+. This means the capacitor acts like a 
short circuit, as shown in Figure 2-114. 


Thus: 1, 


ІІ 


initial current = ——— = 10рА 


V4 initial voltage = OV 


(b) Once the capacitor is fully charged, the current is O. The equivalent circuit is 
shown in Figure 2-11 B. The final values are, therefore: 


|, = final current = 0 
V, = final capacitor voltage = 10V 


(c) Theoretically, an infinite amount of time is required for the capacitor to com- 
pletely charge to the source voltage (10V). Practically, however, you can as- 
sume the capacitor is completely charged after a period of time equal to five 
time constants has elapsed. Thus: 


т = RC = 1MO (1pF) = 1s 


5: = 5 (1s) = 5s, which is the approximate amount of time for the current and volt- 
age to reach their final values. 
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(d) In this case, 2s corresponds to two time constants. From Table 2-1 or Figure 
2-9 you can see that the current has decreased to 13.5% of its initial value, and 
the voltage has risen to 86.5% of its final value. Therefore: 


i(2s) = 0.135 (104A) = 1.35нА 
v, (2s) = 0.865 (10V) = 8.65V 


The notation i (2s) and v, (2s) means the value of i and v, att — 2s. 


(e) Since you have already calculated the initial values, final values, and time con- 
stant, you can use Equations 2-8 and 2-9 to describe the responses. Thus: 


i(t) ен es l; 
= (10pnA-0)e% +0 
= 10pA et 

v(t) = (V,-V,) et + V; 
= (0-10) е! + 10 
= 10-10e* 
= 10(1-e7) 


These responses are shown in Figure 2-11 C and Figure 2-11 D respectively. 


(f) Since 1/10 second is a small portion of the time constant (15), you cannot read 
the normalized curves in Figure 2-9 accurately as you did in part (d). In such 
cases, it is much easier to substitute the value of time (t) directly into the equa- 
tions for the current and voltage. Thus: 


i(0.15 = 10pAe1 
= 10pA (2.718)?! 
= 10ҺА (0.9048) 
= 9.048 pA 


w(0.1s = 10(1-e9) 
= 10(1-.9048) 
= 10 (0.0952) 
= 0.952V 


If you have a pocket calculator with a y* function, the above calculations are easily 
done. 
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Figure 2-12 А 50V— ce 25kQ B 10y = 


-0 
100KQ a ІШ 20KQ a 
0.5 F 


b b 
ORIGINAL CIRCUIT THEVENIN EQUIVALENT CIRCUIT 


Example 2-5 


The capacitor in Figure 2-12 A is initially uncharged. The switch 
is closed att = 0 and then opened 60 ms later. Sketch the capaci- 
tor voltage from t = Otot = 150 ms. 


We will divide the problem into two parts. When the switch is closed, the capacitor 
will begin charging to some voltage. We will examine this case first. Next, we will look 
at what happens when the switch is opened. 


To begin, the circuit in Figure 2-12 A is more complex than the charging circuit in the 
previous example because it is not a single-loop circuit. However, by considering the 
capacitor as the load, you can reduce the original circuit to an equivalent single-loop 
circuit with Thevenin's theorem! Thus, removing the load (C), the open circuit volt- 
age is the voltage across the 25КО resistor. The Thevenin voltage is, therefore: 


T 50V(25kQ) _ ў; 
del: (3) 


Similarly, once the load (C) is removed and the 50V source is reduced to zero, the re- 
sistance between terminals a and b equals the parallel combination of the 25 КО and 
100 КО resistors. The Thevenin resistance is, therefore: 


Втн = 25k || 100kQ = 20k0 
Figure 2-12 Billustrates the resulting single-loop equivalent circuit. 
Since the capacitor is initially uncharged, the initial capacitor voltage just after the 
switch is closed (t —0*) is zero. Once the switch is closed, the capacitor begins 
charging to the Thevenin equivalent voltage, which in this example is 10V. The 
charging time constant is determined by the capacitance (C) and Thevenin resist- 


ance (Ry). Thus: 


т = R С = 20k (0.5uF) = 10 ms 
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A ^" | UE 
SSS ——ч! EQUIVALENT CIRCUIT AT t = 60ms 


CIRCUIT AT t = 60ms 


Figure 2-13 


Circuits for Example 2-5 (Part two). 
A. Circuitatt — 60 ms. 
B. Equivalent circuit att = 60 ms. 


After a period of time equal to five time constants (50ms) has elapsed, you can as- 
sume that the capacitor is fully charged. Since the switch remains closed for 60ms, 
you can feel confident that the capacitor voltage has reached the final value of 10V. 
Toderive an equation that describes the capacitorvoltagefromt — Otot — 60ms, all 
you must do is substitute the initial voltage (OV), final voltage (10V), and time con- 
stant (10ms) into Equation 2-9. Thus: 


v(t) = (V-V) et +V, 
= (0-10) ems + 10 
= 10-10 е-ю 
= 10(1-е-%) 


Now let's solve the second part of the problem. Att = 60ms, you found that the ca- 
pacitor voltage is 10V. Atthis time, the switch is opened. Once the switch is opened, 
the 50V source and 100КО resistor are effectively removed from the circuit. There- 
fore, you have а 0.5 uF capacitor, charged to 10V, that is suddenly connected 
across a 25КО resistor, as shown in Figure 2-13 A. By opening the switch you have 
changed the circuit from an RC charging circuit to an RC discharging circuit, as 
shown in Figure 2-13 B. Starting att — 60ms, then, the capacitor voltage will decay 
from an initial value of 10V to a final value of OV. Notice that once the switch is 
opened the only resistance in the loop is the 25КО resistor. Thus, the discharging 
time constant is not the same as the charging time constant. For the discharging cir- 
cuit: 


т = RC = 25kQ (0.5uF) = 12.5 ms 
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Naturally, it takes 5(12.5ms) or 62.5ms for the capacitor to reach 0 volts. You obtain 
the equation for the capacitor voltage from t = 60ms by substituting the initial volt- 
age (10V), final voltage (OV), and time constant (12.5ms) into Equation 2-9. There- 
fore: 


(V, - Vj) et + V, 
(10-0) e125ms + 0 
10 ег9%0 


v, (t) 


The capacitor voltage fromt = 0 tot = 150ms is shown in Figure 2-14. 


Vc (t) 


5T" Lm SS) 02 NS 


10V 
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Figure 2-14 


Capacitor voltage versus time for Example 2-5. 
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Self Test Review 


1. Тһе instant just before a switch is thrown is t = 
2. The instant just after a switch is thrown is t = 
3. A capacitor consists of two conductors separated by an insulator AE a 


4. A2yF capacitor with a voltage of 10V stores — 1 p coulombs of 
charge. The energy storedinthiscapacitoris 2, 

5. Two 10F capacitors connected in series have a total capacitance of 
ҺЕ. If the capacitors were connected in parallel, the total capacitance would 





be ҺЕ. 

6. Тһе voltage across the series combination of a 2u.F and 8uF capacitor is 20V. 
The voltage across the 2uF capacitor is — ^ V. 

7. Theoretically, ittakesan 20 2 amount of time for a capaci- 


tor to completely charge, or ‘or discharge. 

8. Practically, you can assume a capacitor has completely charged or dis- 
charged after a period of time equal to time constants 
has elapsed. 

9. Att = 0* a capacitor that was initially uncharged acts likea —  — 
circuit. 

10. Att = 0* a capacitor that was initially charged to 10V acts likea —  — 
voltage source. 
11. Att = =, acapacitor acts like an circuit. 
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Refer to Figure 2-15 A for questions 12 to 14. 


12. The capacitor voltage willequal 20V  - seconds afterthe 
switch is closed. 
13. Ап equation that describes the capacitor voltage once the switch is closed is 


14. An equation that describes the capacitor current once the switch is closed is 


Refer to Figure 2-15 B for questions 15 to 18. 

15. Att = 0+ the current (i) is _ pA. 

16. Approximately seconds after the switch is closed, 
i = 0. 

17. An equation that describes the capacitor current once the switch is closed is 


18. Апедиайоп that describes the capacitor voltage once the switch is closed is 


A == | 2uF vc (07) = 0V 


QUESTIONS 12 TO 14 


0.5М0 Ус\07) = 16V 





QUESTIONS 15 TO 18 


Figure 2-15 


Circuits for Self Test Review. 
A. Questions 12 to 14. 
B. Questions 15 to 18. 


Answers 


0- 
0+ 

dielectric 

О = CV = 2pF(10V) 
Q = 20и coulombs 
W = 1/2 CV? 

W = 1/2 (2uF) (10)? 
W = 100pJ 


C4 (series) 


C4 (parallel) = 10 + 10 = 20pF 
2(8) | 
ТҰЗ 
20V (1.6 
da = 16V 


10ҺҒ 


5uF 


1.6рҒ 


VourF = 


infinite 
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five 

short 

10V 

open 

1.25 
20(1-е-) 
160nA e+ 
BLA 

5 

8A e” 

16 e` 


The solutions to questions 12 to 18 follow: 





12. т-НС- 125К0 (2uF) = 0.255 
ӛт = 5(0.25) = 1.255 
13. У, = OV, У, = 20V, and т = 0.25s. Substituting these values into Equation 
(2-9) yields: 
velt) (V, - Vj e^ + V, 
= (0-20) е-/925 + 20 
= 20-20e* 
= 20(1-e-) 
14. Att = 0+, C acts like а short circuit. Therefore: 
|, --20V. = олбта = 160uA 
125КО 


Att = >, C acts like an open 
„=0 
т = 0.25s from question 12 


circuit. Therefore 


Substituting the above values into Equation 2-8 yields: 


i(t) 


(ІНІ Лен F 1, 
(160нА – 0) е-/0:25 + 0 
160:Ае-“ 
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15. 


16. 


17. 


18. 


Att = 0%, C acts like a 16V voltage source. Therefore: 


16V 
ме 15V 2 Spa 
| 2МО a 


т = RC = 2М0(0.5ҺЕ) = 1s 
5r = 5(1s) = 5s 


Substituting |, = 8рА, 1, = 0, апат = 1s into Equation 2-8 yields: 
(0) = (=l) et +1, 
= (8uA-0)e* +0 
= Әнде" 
Substituting V, = 16V, V, = OV, and т = 1s into Equation 2-9 yields: 
vw) =(V,-V,) e + V, 


= (16-0)e +0 
16et 


Mathernatics for Circuit Design 2-31 


RL SWITCHING CIRCUITS 


Inductors, like capacitors, have a number of DC characteristics that you should be 
aware of. In this section you will see what affect an abrupt current change has in an 
inductive circuit. In addition, you will learn how to describe mathematically the cur- 
rent through and voltage across an inductor in a DC circuit. As with capacitors, 
specific practical applications for inductors will be provided in a later unit. 


Inductance 


А component exhibits the property of inductance when it opposes a change in the 

current through it. Components that are designed to exhibitthis property are called 

inductors. Most inductors consist of a length of wire wound on a core to form a coil. 

For this reason, inductors are also called coils. This construction is suggested by 

the schematic symbolfor an inductor, illustrated in Figure 2-16. Tounderstand why a 

coil of wire exhibits the property of inductance, recall the following principles from 
basic electricity: 

— VV VY 

1. A magnetic field is generated by moving a charge. Since currentis 

a moving charge, a magnetic field exists in the space surrounding a 


current carrying conductor. Schematic symbol 
for an inductor. 


Figure 2-16 


2. Whenever there is relative motion between a magnetic field and 
conductor, a voltage is induced in the conductor. The term rela- 
tive motion means that the conductor can physically move through a 
stationary magnetic field, or that magnetic lines of force from a moving 
magnetic field “cut” the conductor. The only restriction is that the 
magnetic lines of force must not be parallel to the conductor. In this 
case, the induced voltage is zero. 


3. Fora given conductor the amount of induced voltage depends 
upon how rapidly the magnetic lines of force cut the conductor. 
If the relative motion between a conductor and magnetic field is 
great, the induced voltage will be great and vice versa. Also, if there 
is no relative motion between the conductor and magnetic field, the 
induced voltage is zero. 


4. The polarity of the induced voltage is such that it will oppose 
the motion or change that induced it. This principle is called 


Lenz's law. We will discuss it shortly. 
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Figure 2-17 illustrates what happens when an inductor and series resistance are 
connected to a DC voltage source. In Figure 2-17 A the switch is open. Since there is 
no current flow, there is no magnetic field surrounding the conductors. Once the 
Switch is closed, as shown in Figure 2-17 B, the voltage source (V) begins to force 
current into the circuit. The instant current begins to flow, a magnetic field is 
generated. As the voltage source forces more and more current into the circuit, the 
magnetic field expands outward from the center of each conductor. 





CONSTANT MAGNETIC FIELD 


Figure 2-17 


Self-induction due to an expanding magnetic fieid. 
A. Open switch. 
B. Expanding magnetic field. 
C. Constant magnetic field. 
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MAGNETIC Е рі 


ОҒ ҒОКСЕ 
ee CROSS SECMION OF 
CONDUCTOR 


------ ----------- 


INDICATES CURRENT FLOW 


А A INTO PAGE 


Figure 2-18 


The magnetic field surrounding a wire 
through which the current is increasing. 


Figure 2-18 illustrates the expanding magnetic field surrounding a wire. If you have 
ever dropped a stone into a pond, you can visualize the expanding magnetic lines of 
force surrounding a wire, since they are analogous to the ripples in the water. 


Notice the shape of the magnetic field surrounding the inductor in Figure 2-17 B. 
Since the inductor consists of many turns of wire wound on a core, the magnetic field 
surrounding each turn adds to the magnetic fields of adjacent turns. For this reason, 
the net magnetic field surrounding the inductor is strengthened and is similar to the 
magnetic field surrounding a bar magnet. In any event, oncethe magnetic field starts 
expanding, relative motion exists between the magnetic field and conductors. 


As a result of this relative motion, a voltage is induced in the conductors. 
Experimentally, it has been shown that the induced voltage increases directly with 
the number of turns. For this reason, the voltage induced in the inductor is much 
larger than the voltage induced in the wires. For our purposes, we can neglect the 
voltage induced in the wires, although you should realize that even a short length of 
wire will exhibit some inductance. Recall that Lenz's law states that the polarity of the 
induced voltage is such that it opposes the motion or change that induced it. Since 
the expanding magnetic field was the result of an increasing current, the polarity of 
the induced voltage is such that it trys to prevent the current from increasing. For this 
reason: 


Current in an inductor cannot change instantaneously. 
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Since real circuits always ccntain some inductance, current changes may be very 
rapid, but not instantaneous. Incidentally, the process by which a voltage is induced 
in a conductor due to the relative motion between the conductor and the magnetic 
field surrounding the conductor is called self-induction. 


After a sufficient amount of time has elapsed, the current builds up to the steady- 
state Ohm's law value of V/R. At this point the magnetic field has stopped expanding 
and is, therefore, constant as shown in Figure 2-17 C. Since there is no longer any 
relative motion between the magnetic field and inductor, the induced voltage is zero. 
Earlier, you learned that a capacitor stores energy in the form of an electric field. Ina 
similar way, inductors store energy in the form of a magnetic field. Specifically, the 
amount of energy stored by an inductor is: 


w = 1 LI  (Eq.2-10) 
where: W = energy stored in joules (J) 
L = inductance іп Henries (Н) 


= current іп amperes (A) 


As you can see, the units of inductance are Henries, in honor of Joseph Henry. A 
Henry is defined as the amount of inductance that induces one volt in a conductor 
when the current through the conductor is changing at the rate of one ampere per 
second. Typical inductors have inductance values in the рН to mH range, although 
inductances in unregulated power supplies may be several Henries or more. 


Figure 2-19 illustrates how the energy stored in an inductor can be removed. In Fig- 
ure 2-19A, we assume switch S, has been closed long enough for the inductor cur- 
rent to build up to the steady-state value of V/R,. Switch S, is initially assumed to be 
open. 






AT THE INSTANT S, IS OPENED S, IS CLOSED. 


1 2 


INDUCED 


R VOLTAGE 
+ 
Self-induction due to a collapsing magnetic field. | 
A. Atthe instant S, is opened, S; is closed. 
B. Collapsing magnetic field. COLLAPSING MAGNETIC FIELD 


Figure 2-19 > 
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If we now open switch S, and simultaneously close switch S,, the inductor current 
will attempt to decrease. As a result, the magnetic field surrounding the inductor 
starts to collapse and, therefore, induces a voltage in the inductor as shown in Figure 
2-19B. Since the collapsing magnetic field was the result of a decreasing current, 
Lenz's law tells us that the polarity of the induced voltage is such that it trys to prevent 
the current from decreasing. Thus, current will continue to flow during the time the 
magnetic field is collapsing. After a sufficient amount of time has elapsed the mag- 
netic field will be fully collapsed, and as a result, the current will be zero. 


Inductors, like resistors and capacitors, may be connected in series, parallel, or 
series-parallel combinations. Such combinations are complicated by the fact that a 
changing magnetic field surrounding one inductor can induce a voltage in an adja- 
cent inductor and vice versa. This mutual induction can alter the equivalent induc- 
tance of a particular combination of inductors. If two or more inductors are far 
enough apart, there is very little mutual induction. In these cases the following for- 
mulas are used to compute the equivalent inductance: 


Series connection 
= CBE... (Ед. 2-11) 
Parallel connection 


ОСЕ Жох is ch. (Ет ог?) 


E Ly Е T 


For two inductors connected in parallel Equation 2-12 reduces to: 


bid 
pL un ғың,” ^ E0598 
Ы тест aie 


Similarly for n equal parallel inductors: 


ї = Е (Ед әл 
n 


Incidentally, if the magnetic fields of two or more inductors do not interact, the 
inductors are said to be shielded from each other. As you can see, the relationships 
for computing total inductance for shielded inductors are the same as those used for 
computing total resistance. 
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15uH 


= 10uH 
4uH 


Figure 2-20 


Circuit for Example 2-6. 


Example 2-6 


Calculate the total inductance of the shielded inductor combina- 
tion in Figure 2-20. 


The series combination of the брН and 4H inductors is: 
L=6+4=10pH 


The equivalent 10ҺН inductor is connected in parallel with 10ҺН giving a combined 
inductance of: 


L = 10 = 5н 
2 


Finally, the series combination of the equivalent 5H, and 15H inductors yields а 
total inductance of: 


Lr = 5 + 15 = 20pH 
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RL Switching Circuits 


In a manner similar to our analysis of RC switching circuits, we will examine the 
characteristics of the analogous RL switching circuits. To begin, consider the RL 
charging circuit in Figure 2-21A. Recall that inductor current, like capacitor voltage, 
cannot change instantaneously. Thus: 


The value of the inductor current at t = 05, the instant just before the 


switch is closed, must equal the value of the inductor current att = O+, the 
instant just after the switch is closed. 


ORIGINAL CIRCUIT 





‘=> V VOLTS 
EQUIVALENT CIRCUIT AT EQUIVALENT CIRCUIT AT 
0. ae 
iL D v(t) E 






INITIAL VOLTAGE 
Figure 2-21 






FINAL R 
CURRENT The RL charging circuit. 


A. Original circuit. 

B. Equivalent circuit att = 0+. 
FINAL VOLTAGE С. Equivalent circuit att = >. 
D. Inductor current. 
E. Inductor voltage. 


INITIAL CURRENT 


INDUCTOR CURRENT 


INDUCTOR VOLTAGE 
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Since the inductor current in Figure 2-21A was zero just before the switch was 
closed, it must also be zero the instant just after the switch is closed. This means the 
inductor acts like an open circuit att — 0*, as shown in Figure 2-21B. Thus, the 
initial values are: 


1-0 Ф. 

М = t = 0+ (RL charging circuit) 
As we discussed previously, once the inductor current builds up to the steady-state 
value of V/R, the inductor voltage has decayed to zero. Since the voltage across the 
inductor is zero, the inductor acts like a short circuit att — », as shown in Figure 
2-21C. Thus, the final values are: 


M 
8 


(RL charging circuit) 


Figure 2-21D and Figure 2-21E illustrate the curves of inductor current and voltage 
for the RL charging circuit. As you can see, these curves are exponential. Thus, the 
equations given previously in terms of initial value, final value, and time constant 
may be used to describe the responses. The only additional information required is 
the definition of the time constant for an RL circuit, which is: 


L (Eq. 2-15 
а (Еа ) 


Figure 2-22А illustrates the RL discharging circuit. In this circuit, an inductor through 
which a constant current is flowing is suddenly connected via a switch to a resist- 
ance. For clarity, the portion of the circuit that established the inductor current (l,) is 
not shown. Since the current through the inductor was I, just before the switch was 
closed, it must also be |, the instant just after the switch is closed. Thus: 


The inductor acts like a constant current source of |, amperes att = 07, as 
shown in Figure 2-22B. The initial values are therefore: 


1-і, 


t = 0+ (RL discharging circuit) 
V, = loR | ЗІҢ 
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Once the magnetic field is completely collapsed the inductor voltage is zero. There- 
fore the final values are: 


t = «(RL discharging circuit) 


Figure 2-22C and Figure 2-22D illustrate the curves of inductor current and voltage 
for the RL discharging circuit. As you might expect, the responses are exponential. 
As was the case with RC switching circuits, we will assume for practical purposes 
that all responses reach their steady-state values after a period of time equal to five 
time constants has elapsed. 





A B 
t= 0 
lp L R 
ORIGINAL CIRCUIT EQUIVALENT CIRCUIT AT 
pan 
1 С D 
i, (t) v (t) 
4 4 


| [A77 INITIAL CURRENT INITIAL VOLTAGE 








FINAL CURRENT FINAL VOLTAGE 








0 
INDUCTOR CURRENT INDUCTOR VOLTAGE 


Figure 2-22 


The RL discharging circuit. 

A. Original circuit. 

B. Equivalent circuit att = 0+. 
C. Inductor current. 

D. Inductor voltage. 
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ROTARY SWITCH WITH MAKE 
1 BEFORE BREAK CONTACTS 
102 


100V -= | = 0.1H 


Ғідиге 2-23 


Circuit for Example 2-7. 
The switch is thrown from position 1 to 
2att = 0, and from position 2 to 3 
att = 20 ms. 


Example 2-7 


The switch in Figure 2-23 is initially in position 1. Att = 0, the 
switch is thrown to position 2. Twenty ms later it is thrown to 
position 3. Sketch the resulting inductor current from t — 0 to 
t — 90ms. 


When the switch is in position 1, the inductor current is clearly zero. When the switch 
is in position 2, you have ап RL charging circuit consisting of the 100V source, 100 
resistor, and 0.1H inductor. Similarly, when the switch is in position 3, you have an 
RL discharging circuit that consists of the 0.1H inductor and 80 resistor. Since the 
initial inductor current (position 1) is zero, it must also be zero att = 0* (the instant 
just after the switch is thrown from position 1 to position 2). This suggests the 
equivalent circuit at t = 0+ shown in Figure 2-24A. Note that, since the current is 
zero, the inductor acts like an open circuit. The initial current is therefore: 


l,-0 


Todetermine the "final current," you must realize that if the switch was left in position 
2 long enough, the current would, after approximately five time constants, build up to 
the Ohm's law value of V/R. This suggests the equivalent circuit shown in Figure 
2-24B. The final current is therefore: 
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B 


A 
100 10и 
pectore [= 


100V = 100v => 10A 


| 


721 { ox (POSITION 2) 
C D 
100 
100V | 8. 65А - 80 Еф 65А 
t = 20mS t = 20ms* 
Figure 2-24 


Equivalent circuits for Example 2-7. 
A. і-0%. 
В. 17-76. 
C. t = 20ms. 
D. t = 20ms*. 


Note in Figure 2-24 B that the inductor acts like a short circuit since the current flow- 
ing through it is not changing. To write an equation that describes the inductor cur- 


rent for the RL charging circuit, you also need to know the charging time constant. 
Thus: 


- =—— = (015 = 10ms. 


2-42 | UNIT TWO 


Recall that a period of time equal to five time constants is required for the current to 
rise from its initial value to its final value. In this case, 5(10ms) or 50ms are required. 
Since the switch remains in position 2 for only 20ms, the current will not have enough 
time to reach the final value of 10A. Nevertheless, you can obtain an equation for the 
charging current by substituting the intial value, final value, and time constant into 
Equation 2-8 as follows: 


it) = |-lLe* +1, 
= 0-10 ез/9т + 10 
= 10-10 е-1% 
= 10(1-е-%) 


You can find the actual value of the inductor current at t = 20ms by substituting 
20ms for t into the equation. Thus: 


і (20ms) = 10(1-е-!%20тз)) = 10(1-е-?) 

1 
27182 
і. (20тѕ) = 10 (0.865) = 8.65A 





і (20тѕ) = 10(1- 


Alternately, if you realized 20ms is twotime constants, you could have looked at Fig- 
ure 2-9, which shows that a rising exponential will reach 86.5% of its final value after 
two time constants. Since 86.5% of the final value (10A) is 8.65A, you can see that 
both our equation and Figure 2-9 predict the same value of inductor current — 20ms 
after the switch is thrown from position 1 to position 2. Figure 2-24C illustrates the 
equivalent circuit att — 20ms. 


Att — 20ms, the switch is thrown from position 2 to position 3. Since the inductor 
current was 8.65A att — 20ms, it must also be 8.65A the instant just after the switch 
is thrown from position 2 to position З. Thus, att = 20ms*, the inductor acts like a 
current source of 8.65A, as shown in Figure 2-24D. For the RL discharging circuit, 
then, the initial current is: 


|, = 8.65A 


When the switch is thrown from position 2 to position 3, the magnetic field begins to 
collapse. After approximately five time constants, the magnetic field is completely 
collapsed, resulting in a final inductor current of zero. Thus: 


Leo 
The discharging time constant is: 


= 9:14 _ 0.1255 = 12.5ms 


8 
R во 
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Substituting the intial value, final value, and time constant into Equation 2-8 provides 
an equation for the discharging current. Therefore: 


(8 = (l-L)e- +1, 
(8.65 — 0) e-t125ms + 0 
= 8.65 е 8% 


Ш 


Figure 2-25 is а sketch of the inductor current from t = 0 to t = 90ms. The dashed 
line in Figure 2-25 reminds you that the charging equation 10(1 — е9!) is only valid 
for the first 20ms. After 20ms, the discharging equation 8.65 е describes the 
inductor current. 











Figure 2-25 


Sketch of inductor current verses time for Example 2-7. 


Notice in Figure 2-23 that a particular type of (make-before-break) switch is 
specified. If a regular (break-before-make) switch was used, you would observe 
arcing between the switch contacts when the switch was thrown from position 2 to 
position 3. This happens because a very large voltage is induced in the inductor 
during the time the switch arm moves from position 2 to position 3. In fact, the 
induced voltage is so great that the air between the switch contacts becomes 
sufficiently ionized to conduct current! 
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To understand why this happens, recall that the current through an inductor cannot 
change instantaneously. When the switch arm leaves position 1, the charging circuit 
is suddenly opened. As a result, the magnetic field surrounding the inductor begins 
to collapse at a very rapid rate. The relative motion between the rapidly collapsing 
magnetic field and inductor induces a very large voltage in the inductor. From Lenz's 
law, you know that the polarity of the induced voltage is such that it will try to prevent 
the current from decreasing; hence the arcing between the switch contacts. 


The make-before-break switch is constructed so that, when the switch is thrown 
from one position to another, the new connection is made before the old connection 
is broken. The use of this type of switch prevents the charging circuit in Figure 2-23 
from suddenly being opened during the time the switch arm moves from position 2 to 
position 3, thus, it minimizes arcing between the switch contacts. Sometimes, 
capacitors are connected across switches in inductive circuits to also minimize 
potential arcing problems. This approach helps because capacitance opposes 
abrupt voltage changes. 


Mathematics for Circuit Design 2-45 


Self Test Review 


19. Another name for an inductor is a 
20. The opposition to a change in current is 
21. A10mH inductor has a constant current of 2A flowing through i The voltage 
across the inductor is volts. The energy stored in the 
inductor is mJ. 
22. Three shielded 9H inductors connected in series have a total inductance of 
uH. If the inductors were connected in parallel, the 


total inductance would be uH. 
23. The time constant of an RL circuit is : 
24. Іп single-loop RL circuits, approximately time 


constants must elapse before the steady-state condition is reached. 
25. Att = O*,aninductor that had an initial current of zero acts like an 
e Circuit: 
26. Att = 0+, an inductor that had an initial current of 20mA actslikea 20 
| X Current source. 
27. Att = х, aninductor in an RL charging circuit acts like а 
circuit. 
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Refer to Figure 2-26A for questions 28 to 30 


28. 


29. 


30. 


The inductor current will equal 5A seconds after the 
Switch is closed. 


An equation that describes the inductor current once the switch is closed is 


An equation that describes the inductor voltage once the switch is closed is 


Refer to Figure 2-26B for questions 31 to 34 


31. 
32. 


33. 


34. 


Att=0*,theinductorcurrentis А. 

Approximately 

inductor current will be zero. 

An equation that describes the inductor current once the switch is closed is 


An equation that describes the inductor voltage once the switch is closed is 





25V == і = 10H 


QUESTIONS 28 TO 30 
B 


t=0 


1007) = 6A R = 2kQ 


QUESTIONS 31 TO 34 
Figure 2-26 
Circuits for questions 28 to 34. 


A. Questions 28 to 30. 
B. Questions 31 to 34. 
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Answers 


19. со! . five 

20. Inductance . open 

21. Q-inductor voltage . 20тА 
exists only when the 27 Short 
current is changing. 5 10 


W = 1/21 . 5(1-е-959) 
W = 1/2 (10mH) (2)? . 25е 05 

W = 20mJ S 5 

Lr (series) = 9 + 9 + 9 = 27H „ 125 

L+ (parallel) = 9/3 = Зрн . 69g-4000t 

LR . 12000 e-4000t 





The solution to questions 28 to 34 follow: 


28. 21. таң 


т= = = —— = 25 
R 50 
бт = 5(2) = 10s 
25V Р ; ; 
29. |, =0,l, = —— = БА, апат = 2s. Substituting these values into Equation 2-8 
yields: 
М0 = (1,-Lje** +1, 

= (0-5)et2+5 
= 5-5 e-0.5t 
= 5(1-e93) 


30. Att = O*, L acts like an open circuit. Therefore: 
V, = 25V 


Att = c, L acts like a short circuit. Therefore: 
vV, =0 


Substituting the above values into Equation 2-9 yields: 


M 


v (t) (ММ) е У, 
(25-0) et2 + 0 


25 e-95t 


2-4] 
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31. Att = O*, L acts like а 6A current source. Therefore: |, = 6A 
А 2к0 
Бт = 5(0.25тѕ) = 1.25ms 

33. Substituting 1, = 6A, І, = 0, апат = 0.25ms into Equation 2-8 yields: 

10) = (1-1) е +1, 
= (6—0) е-/0.25т5 +0 
6 e-4000t 
34. 


Att = Ot, i, = 6A. Therefore, V, = 6A(2KQ) = 12000V clearly at t = х 
v, = V, = 0. Substituting these values into Equation 2-9 yields: 


(07 M VIen ENV: 
= (12000 —0) е-0.25т + 0 
12000 е-4000' 
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LOGARITHMS 


The use of logarithms and logarithmic notation is commonplace in the electronics in- 
dustry. Numerous instruments, for example, have logarithmic scales. In addition, 
electronic manufacturers frequently provide component and system specifications 
in terms of logarithmic ratios. For these reasons, it is important that you learn what 
logarithms are and how to work with them. 


Basic Concepts 


In the previous sections, you learned that the DC currents and voltages in single- 
loop RC and RL networks are exponential functions. The basic exponential function 
is by definition of the form: 


y = Ёх (Еа. 2-16) 


where: yis called the dependent variable 
bis a constant called the base 
x (the independent variable) is called the exponent of the base b. 


In equation 2-16, y is a function of x, since the value of y depends upon the particular 
value assigned to x. For example, if the base is 2 and the exponent 3, the corres- 
ponding value of y is: 


y-b'-2:-8 


By introducing the concept of a logarithm, it is also possible to express x as a func- 
tion of y. Specifically: 


The exponent x is the logarithm of the number y to the base b. 
Stated mathematically: 
x = log, y (Eq. 2-17) 


It is important to realize that both Equation 2-16 and Equation 2-17 summarize the 
same relationship between the variables x and y — only the manner in which the re- 
lationship is stated is different. We will refer to Equation 2-16 as the exponential 
form, and Equation 2-17 as the logarithmic form. Incidentally, in Equation 2-17, 
since x is expressed as a function of y, x is now considered to be the dependent vari- 
able and y the independent variable. 
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Example 2-8 
Given that y = 23, find the logarithm of y to the base 2. 


If y — 23, then from the definition of a logarithm (Equation 2-17), log y; — 3. Re- 
member a logarithm is an exponent; specifically, it is the power the base b must be 
raised to so that b* — y. 


Example 2-9 


(a) Convert y — 3* from exponential form to logarithmic 
form. 

(b) Convert log, y = 5 to exponential form. 

(a) Ify = 3%, then log, y = х. 

(b) If log, y = 5, then y = 2°. 


In electronics two bases are used with logarithms, base e and base 10. Logarithms 
whose base is e are called natural logarithms, while logarithms whose base is 10 
are called common logarithms. To avoid confusion the symbol log x (without any 
base indicated) refers to base 10 common logarithms. Similarly the symbol In x 
(without any base indicated) refers to base e natural logarithms. Occasionally, you 
may wantto convert a base e logarithm to a base 10 logarithm and vice versa. To do 
this, you can use the following approximate formula: 


In y = 2.303 log y (Eq. 2-18) 


Example 2-10 


(a) FindInyiflogy = 4 
(b) | Findlogyifin y = 10 


(8) In y = 2.303 log y 
In y = 2.303 (4) = 9.212 


Check: If log у= 4, then y= 104^ = 10000. 
If In y = 9.212, then y = (2.718)9212 = 
10007, which = 10000. 


(D  j|ogy- ПУ = 10 4.342 
2:308 2.303 


Check: ІНпу- 10, then y = (2.718)'? = 22004. 
If log y = 4.342, then y = 104342 = 21979, 
which = 22004. 
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Since logarithms are exponents; they obey the rules of exponents encountered in 
algebra. From such rules and the definition of a logarithm provided earlier, the fol- 
lowing properties of logarithms have been established. 


Product of two numbers 
log AB = log A + log B (Eq. 2-19) 


Division of two numbers 
log А = log А – log B (Eq. 2-20) 
B 


Number raised to a power 
log A^ = nlogA (Eq. 2-21) 


For natural (base e) logarithms, you would substitute In for log in the relationships 
just given. 


Example 2-11 


Write equivalent expressions for: 
(a) 108 (2) (5) 
(Б) log 10 
2 


(с) Іп29 


(a) log 2(5) = log 2 + log 5 
(b) log 10 = log 10—log2 
2 


(c)  In23-8In2 


How can you determine the value of expressions like log 2, In 2, etc? For many 
years, the standard method was to use tables of logarithms and interpolation 
techniques for numbers not listed in the tables. Considering the low cost, and con- 
venience, of scientific - type pocket calculators that provide logarithmic functions, 
their use is highly recommended! 
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Example 2-12 


Show the steps necessary to determine log 2 and ln 2 with a typi- 
cal pocket calculator. 


Depressing the appropriate buttons in the sequence shown is all that's required! 





Button Display Button Display 
2 2 2 2 
log 0.30103 In 0.69315 


Thus: log2 = 0.30103 since 10030103 — 2 
In2 = 0.69315 since е0-69315 = 2 


Different calculators display different numbers of digits. In this example, we have 
assumed a six-digit display. 


Given the logarithm of a number, how can you determine the number? Again, we 
recommend the use of a pocket calculator as shown in the following example. 


Example 2-13 


Assume a six-digit pocket calculator is available. Show the steps 
necessary to determine x if: 

(a) logx = 0.30103 

(b) 1пх = 0.69315 


In this example, you must determine the inverse, or antilog, functions. Most 
calculators have a button marked 2nd, INV, etc., for this type of calculation. Thus, 
you would first enter the logarithm of the number, and then depress the following 
buttons in the sequence shown: 








(a) Button Display (D) Button Display 
.30103 0.30103 .69315 0.69315 
2nd(INV) 0.30103 2nd(INV) 0.69315 

log 2 In 2 


Thus: Iflogx = 0.30103 x = 10030103 = 2 
If Inx = 0.69315 х = 606915 = 2 
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Applications For Natural Logs 


Circuits that are designed to generate a pulse train, or a single pulse of specific 
duration, are called timing circuits. Many timing circuits consist of an RC charging 
and discharging circuit. The time constants of these circuits control the frequency of 
the pulse train, or the width of a single pulse. In any event, the rising and decaying 
portions of the output voltage are exponential and, therefore, are described by the 
exponential equation: 


v(t) = (Vi =V) e + V,  (Eq.2-9) 


You already know how to use this equation to determine the value of the voltage v(t) 
at a specific time t. Suppose, however, you want to reverse this process. 
Specifically, you want to know at what time (t) the voltage is a specific value. What 
you need then is an equation that says t equals “such and such’. In order to derive 
the desired equation, we will first solve Equation 2-9 for the exponential term e~”. 
Thus: 


v(t) = (W-Vjge* + У, 
(M-Vge* = v(t)-V, 
е = v(t)-V> 
V ЕЕ ҮР 


At this point, we сап take the natural logarithm of both sides of the equation. 


v(t) - № 
V4 к=з У, 





Ine = In 


By definition, the natural log of e*" is +7. Therefore: 


v(t) - Vo 


== ai eens 


т Vi- Vo 
Finally, solving for the time t we have: 


{С = ш МВеУе (Ед 299 
үт; (Еа ) 


— 


2-59 
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100KQ 


10ү => 2uF 


Figure 2-27 


Circuit for Example 2-14. 


Example 2-14 


The capacitor in Figure 2-27 is initially uncharged. How long 
after the switch is closed will it take for the capacitor voltage to 
reach 5V? 


+ = RC = 100kQ(2uF) = 200 ms 


Va = OV 
V, = 10V 
wt) = 5V 


Substituting the values for т, V,, У, and v(t) into Equation 2-22 yields: 


t = -200ms In 5 - 10 
0—10 

= -200ms In 0.5 
= —200ms (-0.6931) 


t = 138.6 ms 


sss esi tese 
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Applications For Common Logs — Decibels 


The gain of a circuit or system is a ratio of the output signal to the input signal. In 
electronics, for example, we frequently speak of the current, voltage, or power gain 


of a circuit or system. To avoid confusing one type of gain with another, we will 
employ the following notation: 


ll 
- 


Current Gain А; 


E (Eq. 2-23) 

Voltage Gain A, = že (Eq. 2-24) 
n 

PowerGain A, = - = AiAv (Eq. 2-25) 
in 


It has become standard industrial practice to express current, voltage, and power 


gains as logarithmic ratios in units of decibels, abbreviated dBs. Specifically, for a 
current or voltage ratio the equivalent dB gain is: 


Ajg = 20 log A (Eq. 2-26) 
Similarly, for a power ratio the equivalent dB gain is: 
Арав = 10logAp (Eq. 2-27) 


The following examples illustrate the conversions of gains to their dB equivalents 
and vice versa. 


Example 2-15 


A voltage amplifier has an input voltage of 10mV and an output 
voltage of 1V. What is the dB voltage gain? 


= ме N a 100 
2 Vin 10mV 


Avag = 20 log Av 
Avag = 20 log 100 = 40dB 


2-99 
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Example 2-16 


An amplifier consists of two cascaded stages. The voltage gain of 
the first stage is 20dB and the voltage gain of the second stage is 
6dB. Determine: 

(a) Тһе gain of each stage. 

(b) The total gain of the two-stage amplifier. 

(c) The total dB gain of the two-stage amplifier. 


(a) Аав = 20 log A, = 20 Ав = 20 log A, = 6 
ades = © = 
04 А) = 5o С 1 04 А; = 20 0.3 
А, = 10! = 10 А, = 1093 = 2 


(b) Ат = А; А, 
10(2) = 20 


> 
4 
І 


(c) Since A; = А, А, 
Аға = 20109 [A,A] 
Атав = 20 log А, + 20 log A; 
Атав = Aras + Агав 


Thus, for cascaded sections the total dB gain is the sum of the dB gains of 
each stage. Thus: 


Атев = 20 + 6 = 26dB 


Figure 2-28 illustrates the concept of total gain for cascaded stages. 


———4 


1 
І 
І 
1 


Figure 2-28 


Cascaded stages. 
The total gain is the product of each stage gain (A, = 10(2) = 20). 
Due to the properties of logarithms, the total dB gain equals the sum of 
the dB gains of each stage (Ат; = 20 + 6 = 26dB). 
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Reference Levels — dBm 


Some instruments are calibrated to indicate relative current, voltage, or power 
levels rather than absolute values. In such instruments, the measured value indi- 
cates how much larger or smaller the measured signal is compared to the reference 
value. To illustrate this concept, we will consider the measurement of power with a 
reference level of 1mW. When a reference level is used for a power measurement, 
the instrument reading is given by: 


Pa, = 10109 Р. (Ед. 2-28) 
В.а 
мһеге Piem = relative power іп dBm. Тһе m is added to indicate that a ref- 
erence level is used. 
P — measured power 


— reference level (1mW in this case) 


For example, for a measured power of 0.5mW: 


Pu. = 10109 oem = -8dBm 


By substituting powers of 0.25mW, 0.5mW, 1mW, 2mW, and 4mW into Equation 
2-28, we obtained the data in Table 2-2. 


Absolute Relative 





Table 2-2 


dBm Calculations - P4, = 1mW. 
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0-2 l 2 
=з 0 +3 
42 —————_ 
є ^3 aem p = 
E Elp 
Sy 
Figure 2-29 


The concept of dBm. Note that the reference level is 1mW. 


Figure 2-29 shows how the dBm scale is calibrated. 


In concluding our discussion of decibels, it should be pointed out that you may en- 
counter reference levels other than 1mW. In any event, for a dBm value to have 
meaning, you must specify the reference level. 
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Self Test Review 








35. The equation y = 10?issaidtobein 20 EN form. 
36. The equation log y = 3 is said to be in |... form. 
37. Given y = 32, ме сап say that the logarithm ithm of yto the base 
is 
38. Тһе base of natural logarithms is a , While the base of 





common logarithms is 

39. ІНоду-2,іһепілу- _ 

40. IhelegofiO"ls. — SEDE 

41. Thelnof (2.718) is 

42. Опсе а switch is closed, the voltage across а h capacitor in an RC discharging 
circuit is given by v,(t) = 100 e-*??»s, How long after the switch is closed will it 
take for the capacitor voltage to reach 50V? t — ps. 

43. Ауойһаде gain of 50 is equivalent to a dB voltage gain of 

44. An amplifier has a dB power gain of 32dB. This is equivalent to a regular power 
gain of 

45. AdBm power meter whose erence level is 1mW would read 
dBm if the measured signal was 3mW. 

46. The cascaded sections of an electronic system have dB voltage gains of 
+10dB, —6dB, and + зав respectively. The overall dB gain is therefore 

dB. 
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Answers 


35. exponential 
36. logarithmic mes 
or с 2 13:86ys 
38. eor2.718 . 33.99dB 
39. Iny = 2.303logy "791585 
In y = 2.303 (2) . 4.77dBm 
Iny — 4.606 . 7ав 





The solutions to questions 42 to 46 follow. 


42. Since v,(t) = 100 es, we see that V, = 100V, V, = OV, and т = 20,5. 
To determine the value of t that corresponds to v,(t) = 50V we can employ 
Equation 2-22. Thus, 








te — in 20 .— Vg 
V4 Е: Və 
t = -20ы8 In 20 0 
100 - 0 
t = -20һвіп 0.5 
t = -20ы5 (0.693) = 13.86us 
43. Ags = 20109А, 
Ав = 20109 50 
Avs = 20(1.699) = 33.99dB 


44. Арав = 10 log As 
32 = 10log A, 


log A, = 32 =3.2 
i 10 


A, = 10% = 1585 


45. Paga = 10109 сЕ. 


геї 
Pags = 10 log SMW 
dBm 9 i1mW 


Piem = 10 log 3 
Ривт = 10 (0.477) = 4.77 dBm 


46. Apu" 7 10-6 3 = 7dB 
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RECTANGULAR COMPLEX NUMBERS 


The mastery of complex arithmetic is essential for the analysis and design of AC cir- 
cuits. Once you can handle complex numbers, you can extend the techniques of DC 
circuit analysis and design to include AC circuits. As you will see, there is really 
nothing “complex” about complex numbers except the word complex. 


Real, Imaginary, and Complex Numbers 


Integers represent whole quantities, and may be either positive or negative. The 
typical counting numbers —2, —1, + 1, +2, etc., are examples of integers. A rational 
number is a number you obtain by dividing one integer by another. For example, the 
number 0.5 is an integer because the number 1 (an integer) divided by the number 2 
(also an integer) equals 0.5. Irrational numbers are numbers you cannot obtain by 
dividing one integer by another. Numbers like т, V2, and nonrepeating 
nonterminating decimals are examples of irrational numbers. Collectively, all of the 
integers, rational, and irrational numbers are refered to as real numbers. 


Real numbers can be represented as points on a horizontal line called the real 
number line, as shown in Figure 2-30. As you can see, equal intervals are marked 
off to the left (negative numbers) and right (positive numbers) of the point 
corresponding to zero. In Figure 2-30, we have labeled only the positive and 
negative integers, although it should be obvious that the points between the integers 
represent both rational and irrational numbers. Thus any real number can be 
represented as a unique point on the real number line. 


NEGATIVE POSITIVE 
E == жеке . 
REAL NUMBERS 4 ^3 2-1 D | T y 4 REAL NUMBERS 


Figure 2-30 


The real number line. 
All real numbers can be represented as points оп a horizontal line. 
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At one time, mathematicians thought that any number could be represented as a 
point on the real number line. For example, if you wanted to locate the point corres- 
ponding to the \/4 you would move two intervals to the right of zero, since the 
V4 = 2. If the number inside the square-root sign was not a perfect square, you 
could use a pocket calculator to estimate the square root. For example V/5 — 2.236. 
Thus, the point on the real number line corresponding to the V5 would be located 
approximately 2.236 intervals to the right of zero. If you needed more accuracy you 
could carry the square root calculation out to the required number of decimal places. 
For example, V/5 — 2.236068 would certainly be more than accurate enough for 
most calculations. 


Now, suppose you wanted to locate the point corresponding to the V—4. What is the 
V—-4? Clearly the V—4 is not +2, since +2 (+2) equals +4 not -4. Similarly, the 
V= is not —2, since -2 (-2) also equals +4, not 4. Eventually, mathematicians 
realized the square root of a negative number could not be represented as a point on 
the real number line! Therefore the square root of a negative number is not a real 
number. Mathematicians decided to call this newly discovered number imaginary. 
Thus: 


An imaginary number is the square root of a negative real number. 
It is important to realize that there is nothing "make believe", "fictitious", or “imagi- 
nary" about imaginary numbers. The word imaginary is simply the word chosen for 
the name of a particular type of number. To extract the square root of an imaginary 
number, the product rule for square roots is employed. Recall from elementary 
algebra that: 
УАВ = УАУВ (Ед. 2-29) 

For imaginary numbers, you can apply Equation 2-29 as follows: 

Vn = ? 

Von = Уп) 

Мп = УЯ уп (Еа. 2-30) 


Since it is awkward to continue to prefix the Уп by the V .—1, we will use the short- 
hand symbol j to mean V —1. By definition, then: 


| = V1 (Ед. 2-31) 
Therefore: 


V-n=jVn (Еа. 2-32) 
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Example 2-17 
Find the square roots of the following numbers: 
(a) Vd 
(b) -v9 


(a) У-4- \М-1(4) = V-1 V4 = ј2 
(b -V-8--V7I(9) = -VT V8 = 43 


Example 2-18 
Determine the values of j?, —j?, j’, and -j° 


Е-У-1У-1--1 
-} = (-1) = +1 
== EE] 
-pe-13) +j 


As you can see, multiplying j terms follow the rules for exponents of elementary 
algebra. The terms |2 and —2 occur so frequently that you should memorize them. If 
you need other powers of j, you can work them out by following the procedure out- 
lined in Example 2-18. 
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Just as real numbers can be represented at points on the real number line, imaginary 
numbers can be represented as points on an imaginary number line. The imaginary 
number line is drawn vertically, rather than horizontally, to distinguish it from the real 
number line as shown in Figure 2-31. Thus, any imaginary number can be rep- 
resented as a unique point on the imaginary number line. The V— for example, 
would be represented by the point two intervals above zero, since the М—4 equals |2. 
Similarly, —v/—9 would correspond to the point three intervals below zero since 


№ —9 equals -j3. 
POSITIVE IMAGINARY 
NUMBERS 
já 
NOTE: | = Jal | 


-j3 
-j4 


NEGATIVE IMAGINARY 
NUMBERS 


Figure 2-31 


A number line for imaginary numbers 
All imaginary numbers can be represented as points on a vertical line. 


When you combine real and imaginary numbers you get complex numbers. Specifi- 
cally: 


A complex number is the algebraic sum of a real and imaginary number. 


We will call the real part of a complex number "a" and the imaginary part "b". Thus, in 
general, a complex number is of the form: 


A-azjb (Ед. 2-33) 


where: А = complex number 
a = геаірай 
b = imaginary рап 


vat 


j 
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Some examples of complex numbers include З + |4,-2 + |4,-3- |2, and -4 + j5. 
Incidentally, a complex number written in the form a x |рі in rectangular form. As 
you might suppose, complex numbers (like real and imaginary numbers) can also be 
represented graphically. All you have to do is draw the imaginary and real number 
lines at right angles to each other to form a two-dimensional plane called the com- 
plex plane, as shown in Figure 2-32. Any complex number, then, can be rep- 
resented as a point in the complex plane. 


IMAGINARY AXIS 


REAL AXIS 





Figure 2-32 


The complex plane. 
All complex numbers сап be represented as points 
in the complex plane. 
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Example 2-19 


Locate the points in the complex plane that represent the 
following numbers: A = —8 + j7, B = 3 + j4, C = 6 — j6, and 
M) EP 


Recall that positive real numbers are located to the right of zero, and negative real 
numbers to the left of zero. Similarly, positive imaginary numbers are located above 
zero and negative imaginary numbers below zero. Thus, the point corresponding to 
А = (-8 + j7) is located 8 units, or intervals, to the left of zero, and 7 units above 
zero. Similarly, the points corresponding to B, C, and D are located as shownin Fig- 
ure 2-33. 


IMAGINARY 





Figure 2-33 


Solutions to Example 2-19. 
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Operations With Rectangular Numbers 

You already know how to perform the mathematical operations of addition, subtrac- 
tion, multiplication, and division on real numbers. We will now extend these opera- 
tions to include complex numbers. 


ADDITION 


The sum of two complex numbers equals the algebraic sum of their real 
and imaginary parts. 


Stated mathematically: 
Sum of imaginary parts 
(а + jb) + (c + jd) = (a - c) + jb +d) (Eq. 2-34) 
l 
Sum of real parts 
The following examples illustrate the process 


(3 + j4) + (2 + j5) = (3+ 2)+j(4+5)=5+)9 


(-3 + j4) + (2 +j5) 


Ш 


(-3 + 2) qure Бу = а 


(3-j4) + (2 + j5) (3+ 2) + j(4+5)=5+/j1 


(-3 —j4) + (2 + j5) 


(-3 + 2) + j(-4 + 5) =-1 + ji 


(3 + j4) + (-2 + ј5) = (3-2) + (4 + 5) = 1 + }Ә 


Ш 


(3 + j4) + (2—]5) (3 + 2) + (4-5) =5-j1 


(3+ 4) + (-2-j5) (3-2) + (4-5) = 1-1 
SUBTRACTION 


The difference of two complex numbers equals the algebraic difference of 
their real and imaginary parts. 


Stated mathematically: 
Difference of imaginary parts 
(a + [Б)—(с + jd = (а—с) + jb-d) (Еа. 2-35) 


паре ehe e 


Difference of real parts 
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Just as Equation 2-34 was used to add two complex numbers, Equation 2-35 may be 
used to subtract two complex numbers. In effect, you subtract by converting the 
given subtraction problems into an equivalent addition problem. This works because 
the difference A — B is equal to the sum of A and the negative of B. Specifically: 


A-B=A+(-B)  (Eq.2-36 


The negative of a number is obtained by multiplying the number by —1. For an ex- 
pression contained in parentheses, this is equivalent to changing the sign of each 
term within the parentheses. In general, then, the difference of two complex num- 
bers is: 


(a + jb) - (c + jd) = (а + jb) + (Cc- jd) (Ед. 2-37 
Equation 2-37 is equivalent to Equation 2-35. Since Equation 2-37 is easier to 
"visualize", we will use it to subtract complex numbers. The following examples 


illustrate the process. 


(5 --|9)-(2 + j5) = (5 +j9) + (-2-j5) 
= (5-2) + j(9-5) = 3 + ј4 


(-1 + ]9)—(2+]5) ж (1 + }9) + (-2-15) 
= (1-2) + (9-5) = –3+ j4 


(5 10—022 15): ж (бт [99 3 (ER |5) 
= (5-2) + (1-5) = 3-4 


(21 + 1) (2 + j5) = (1 + jt) + C2-j5) 
ж (1-295) = 854 


(1 + j9)-—(-2 + j5) = (1-19) + (2 – Ј5) 
= (1 + 2) + (9-5) =:3 + j4 


(5-й)-(2-|Ы) = (5-1) + (-2 + |5) 
= (5-2) + j1 +5)=3 + j4 


(1 -j1)-(-2-j5) = (1-j1) + (2 + j5) 
= (1+2)+j-1+5=3+j4 
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MULTIPLICATION 

You can employ the following steps to multiply two complex numbers. 

1. Multiply the second number by the real and imaginary parts of the first 
number. Specifically, (a + jb) (c + jd) = a(c + jd) + jb(c + jd). 

2. Replace j? by –1 and -j° by + 1. 


а: Collect like terms. 


The following examples illustrate this three-step procedure. 


1 


(2 + j3) (5 + М) 2(5 + |4) + j3(5 + |4) 
= 10 +]8 + ј15 + j212 
= 10 + |8 + j15-12 


ж, 2.3103 


(3 – j2) (2 + j5) = 3(2 + ]5)—]2(2 + j5) 
= 6+j15-j4-j210 
= 6+ )15-j4 + 10 
= 16+ ј11 


(-2-|4) (3- |5) = -2(3-|5)-И(3-|5) 
= -6+10—]12 + |20 
= -6j10—j12-20 
= -26-|2 


(2- |3) (3- j2) ж: 2(3-|2)-|3(3-)2) 
= 6-j4-j9 + |26 
= 6-j4-j9-6 
= 0-ј13 
= {13 
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DIVISION 


Given a complex number of the form A = a = jb, the conjugate, А“, is defined as 
A* = x jb. Therefore, to obtain the conjugate, all you have to do is change the sign 
separating the real and imaginary terms. For example, if A = 3 + j4, the conjugate is 
А" = 3- j4. Similarly, if A = 2—j5, the conjugate would be А” = 2 + j5. Here's what 
happens if a complex number is multiplied by its conjugate: 


АА“ = (а + jb) (a—jb) 

= a(a—jb) + jb(a—jb) 

= a?—jab + jab – j?b? 

= а?-јар + jab + b? 

= а? +b? 
Therefore: АА" = а2 +b? (Ед. 2-37) 
Consequently, whenever a complex number is multiplied by its conjugate, the result 
equals the sum of the squares of the real and imaginary parts. This is important be- 
cause you will use this idea to divide two complex numbers. Specifically: 


To divide two complex numbers, multiply the numerator and denominator 
by the conjugate of the denominator. 


The following examples illustrate the process. 


-2 ғ |23 ы (2 + 493) . (Б-/ 
5 + j4 (5 + j4) 





= —2(5—]4) + j23 (5—j4) 
52 + 42 

= -10 + j8 + ]115—]?92 
25 + 16 

= -10+j8 + j115 + 92 

41 
x 82% 124 2 ое 
41 


ani = (белі). (2—8) 
2-1|5 (2256953) (2-j5 
= 16(2-j5) + j11(2—j5) 
22 + 52 
= 32 – |80 + j22-j55 
4 + 25 
= 32-80 + 22 + 55 
29 
= 18/58 = 3—2 
29 





— 
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As you can see, the process of division involves adding, subtracting, and multiplying 
complex numbers as intermediate steps. For this reason, division problems make 
excellent practice to nail down rectangular complex arithmetic. 


Self Test Review 


47. А number that you obtain by dividing one integer by another is called a 





number. 

48. A number that you cannot obtain by dividing one integer by another is called 
an number. 

49. The square root of a negative real number is called an БЕРЕС 
number. 

50. Тһе algebraic sum of a real and imaginary numberisa 2 
number. 

51. The symbol таз equals the square root of —1. 

52. je = and -j? = 

53. Тһе number 2- j3 corresponds to a point intervals to 
the of zero, and intervals 


zero on the complex plane. 
54. Thesumof(2-j3)and(-3 + j2)is — 
55. (10-|Б5)-(2- |5) equals ; 
56. Тһе product of (-2 + j3) and (2 – j7) equals 
57. Тһе conjugate of (-2 + |3) is 
58. (-26-|2) divided by (3 —j2) equals EJ 
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Answers 


47. 
48. 
49. 
50. 
ӨЛІ: 
52: 


rational . two,right, three, above 
irrational . -1-jl 

imaginary EG 

complex . 17+ j20 

j . -2-j3 

j? =-1,-j? = +1 . —5.69-j4.46 





Here are the solutions to questions 54 to 58. 


54. 


55. 


56. 


57. 


58. 


(2-j3) + (-3 + ј2) = (2-3) + j(-3+2) =-1-j1 


(10 —j5) - (2 – }5) -(10-|5) + (2 + |5) 
= (10-2)+j(-5 + 5) = 8 + ј0 = 8 


(52 + j3) (2-j7) = -2(2-j7) + ]3(2—]7) 
= -4+]14 + j6-j?21 
= —4 +}14 + j6 + 21 








= 17 + ј20 
А = 2 + }З 
Therefore А” = —2—)3 
(-26-j2) = (-26-j2) . (3 + ј2) 
(3-12) (3- |2) (3 + |2) 
= -26 (3+j2) -j2 (3+j2) 
32 + 2? 
= -78-|52-|6-)4 
9+4 
= -78-j52-j6 + 4 
13 
= 74—58 = —5.69-]4.46 


13 


tr rt at 
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POLAR COMPLEX NUMBERS 


As you know, acomplex number can be expressed in rectangular form, or as a point 
in the complex plane. In addition there are several other ways to describe a complex 
number. In this section, we will discuss the polar representation of a complex 
number and show you how to convert between the polar and rectangular forms. Be- 
fore doing this, however, we will review some basic terminology and properties of 
right triangles. 


Basic Trigonometry 


Trigonometry deals with the relationships that exist between the angles and sides of 
triangles; and of special interest are the properties of right triangles. A right triangle, 
of course, is one that contains aright, or 90°, angle. The side opposite the right angle 
is called the hypotenuse, and is the longest side of the triangle. The remaining two 
sides of a right triangle are called the legs of the triangle. Figure 2-34 illustrates a 
right triangle whose hypotenuse is c, and whose legs are a and b. The famous 
Pythagorean theorem states that in every right triangle the square of the 
hypotenuse equals the sum of the squares of the legs. Stated mathematically: 


c2=a2+b2 (Еа. 2-38) 
where: cis the hypotenuse, and a and b are the legs. 
By taking the square root of each side of Equation 2-38 you obtain 


c= уа +b? (Eq. 2-39) 


с NS 
9% 
AS à 
Ф 1е9 
А [ | 
b C 
leg 
Figure 2-34 
The right triangle. 


In every right triangle c? = a? + b? therefore c = Va? + 52. 
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3cm 





Figure 2-35 


Triangles for Example 2-20. 
AY C=? 
BIC =) 


Example 2-20 


Find the length of the hypotenuse c in Figure 2-35 A and Figure 
2-35 В. 


Figure 2-35A с, = Va? + b? 


с, = V+ 42 

c, = V9 + 16 

с, = V25 = 5ст 
Ғідиге 2-35 В c, = Va? + b? 

с = V4? + 42 

с, = У16 + 16 

2 


с, = V32 = 5.66cm 


The ratios of the various sides of a right triangle are used to define a number of very 
useful trigonometric functions. To simplify matters, we will adopt the following 


shorthand notation. 


H = hypotenuse 
A - side adjacent to the angle of interest 
О = side opposite the angle of interest 


In terms of H, A, and O, the sine, abbreviated sin; cosine, abbreviated cos; and tan- 


gent, abbreviated tan; of any angle 0 are defined as follows: 


sine = O,cose = ^ tane - O 
H H A 


You can memorize the above relationships by remembering the name of a fictitious 


indian princess named SOH-CAH-TOA. 
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2m 
1m 








/з m 
Figure 2-36 


Triangle for Example 2-21. 


Example 2-21 


Determine the sin, cos, and tan for angle а, and angle В in Figure 


LE 

sna=0= 1 =0.5 
H 2 

соз anm A УЗ; = 0866 
H 2 

tana = O = —1 = 0.577 
ДОКУЗ 

sing = О = V3 = 0.866 
H 2 

cosg = А= 1 = 05 
н 2 

tang = О = УЗ ~ 1.73 
RON 


As you can see, the "opposite side" and "adjacent side" depend on which angle 
you're looking at. There are many different types of problems you can solve using 
the Pythagorean theorem and the trigonometric functions just defined. For design 
purposes, the ability to solve the following kinds of problems is especially useful. 


js Given an angle, determine the sin, cos, and or tan of the angle. 

2. Given the sin, cos, or tan of an angle, determine the angle. 

3. Given the hypotenuse and one angle (in addition to the right angle), determine 
the legs of the right triangle. 

4. Given the legs, determine the hypotenuse and interior angles of a right 
triangle. 


Let's look at each type of problem with an example. 


2-19 
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Example 2-22 


Show the steps necessary to determine the sin, cos, and tan of 30° 
with a typical pocket calculator. 


Most calculators can determine these trigonometric functions if the angle is in 
degrees or radians (2т radians = 360°). Assuming that the calculator is set for a 
degree calculation, all you need to dois enter the angle and depress the appropriate 
button, as follows: 


Button Display Button Display Button Display 


30 30 30 30 30 30 
sin 0.5 cos 0.86603 tan 0.57735 





Therefore, sin 30° = 0.5, cos 30° = 0.86603, and tan 30° = 0.57735. 


If you know the sin, cos, or tan of an angle and must determine the angle, the process 
is referred to as determining the inverse trigonometric function. The following 
notation is used to indicate inverse trigonometric functions. 


arc sin or біп-! means "the angle whose sin is" 
arc cos or cos! means "the angle whose cos is" 
arc tan or tan! means “the angle whose tan is" 


Note that there are two ways to indicate the inverse trigonometric functions. If the 
—1 notation is used you must be careful. The —1 is not an exponent; it is just a symbol 
that indicates "the angle whose (sin, cos, ortan) is". Some calculators employ the arc 
type notation, while others employ the —1 type notation. In addition, many calculators 
simply have a second button you can use for inverse functions. 
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Ехатр!е 2-23 


Determine the values of the following inverse trigonometric 
functions with a typical pocket calculator. Arc sin 0 — 0.5, arc 
cos 0 — 0.5, andarc tan 0 — 1. 


In these cases, all you do is enter the functions and then depress the appropriate 
buttons. 


Button Display Button Display Button Display 


5 0.5 5 0.5 S 1 
2nd 0.5 2nd 0.5 2nd 1 
sin 30 cos 60 tan 45 


Therefore, if arc біп Ө = 0.5, Ө = 30°; similarly if arc cos Ө = 0.5, 0 = 60% finally if arc 
tan Ө = 1,0 = 45°. 
Example 2-24 

Determine the length of each leg a and b in Figure 2-37. 


You can use the sin and cos “trig” functions to determine a and b as follows: 


sin30° = О = b. 
H 20cm 


Therefore, b = 20 sin 30° = 20 (0.5) = 10cm. 





Therefore, a = 20 cos 30° = 20(0.866) = 17.32cm. 


20cm 


Figure 2-37 


Triangle for Example 2-24. 
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8cm 


Figure 2-38 


Triangle for Example 2-25. 


Example 2-25 


Determine the length of the hypotenuse c and the angle 0 in 
Figure 2-38. 


You can easily determine the length of c with the Pythagorean theorem. 


с = Va? + b? = V6? + 82 = V36 + 64 = V100 


c = 10cm 


Similarly, you can calculate angle Ө by first calculating the value of the tan of angle Ө. 


tang = О = 8cm ~ 1.333 
A бст 


Consequently, with the help of a calculator, you find Ө = 53.13°. 
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Polar Numbers 


Consider point P in Figure 2-39 A. As youcan see, itis located three units to the right 
of zero and four units above zero. In rectangular form, we would say P = 3 + j4. This 
is shown in Figure 2-39 B. Note that the real part of P, 3, defines the horizontal 
coordinate; and the imaginary part of P, 4, defines the vertical coordinate. 


Figure 2-39 C illustrates a third way to describe a complex number. In this case, the 
distance between point P and the origin (A) is provided, as well as the angle (6) 
between the positive real axis and the line joining point P and the origin. This type of 
representation of a complex number is called polar form. 


IMAGINARY IMAGINARY 


REAL REAL 





IMAGINARY 


REAL 





Figure 2-39 


Three ways to describe the same complex number. 

A. A point in the complex plane. 

B. In rectangular notation (3 + j4), the horizontal coordinate is 
the real part, and the vertical coordinate the imaginary part of 
the complex number. 

C. In polar notation, the distance from the origin (A) and the 
angle (6) measured in a counterclockwise direction from the 
positive real axis are stated. 
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Figure 2-40 shows how the complex plane is divided into four quadrants. Quadrant I 
includes rectangular numbers with both positive real and imaginary parts. A polar 
number in quadrant | would be characterized by an angle between 0° and 90°. Table 
2-3 summarizes the characteristics of both rectangular and polar numbers for each 
quadrant. 


90° 
*j6 


1809 -a 





(-a - jb) (a - jb) 
ІН ІМ 


-jb 
2109 
DIVIDING THE COMPLEX PLANE INTO FOUR QUADRANTS 


909 
+jb 


180° -а 





-jb 
2109 


SIGNS OF THE TRIGONOMETRIC FUNCTIONS 
IN EACH QUADRANT 


Figure 2-40 


Additional features of the complex plane. 
A. Dividing the complex plane into four quadrants. 
B. Signs of the trigonometric functions in each quadrant. 
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Rectangular 
А/0,6- O°to 90° 


AL80,0 = 90°to 180° 





Екен А/ 0,@ = 180°to 270° 


А/ 9,0 = 270° to 360° 


Table 2-3 


Rectangular And Polar Numbers in Each Quadrant of The Complex 
Plane. 


Because the real and imaginary parts are positive in some quadrants and negative in 
others, the varioustrigonometric functions may be positive or negative — depending 
upon which quadrant a particular complex number is in. Figure 2-40 B indicates the 
sign of each trig function in each quadrant. You can memorize the various signs by 
recalling the sentence "All Students Take Calculus". Thus, alltrig functions are posi- 
tive in the first quadrant, only sin is positive in the second quadrant, and so on. 
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IMAGINARY IMAGINARY 
A | B 
j5 
%909 
—— REA L i 
5 
REAL 
2 205495 
ІМАСІМАРҮ 5 199 » 5 
с 
Figure 2-41 REAL 
Sketches for Example 2-26. -909 
А. 5/ 0%- 5. 
В. 5/ 90° = j5. 
С. 5L-90° = -j5. 
-j5 
5 Z -90° = -j5 


Example 2-26 
Sketch the following polar numbers: 5 / 0°, 5 / 90°, and 5 / — 90°. 


The sketches are shown in Figure 2-41 A, B, and C. Since positive angles are 
measured in a counterclockwise direction from the positive real axis, a negative 
angle corresponds to a clockwise rotation as shown in Figure 2-41 C. Note that 
multiplying a real quantity by j is equivalent to rotating the real quantity 90° 
counterclockwise. Similarly, multiplying a real quantity by —j is equivalent to rotating 
the real quantity 90° clockwise. In general, then, you can conclude that: 


[А = А/ 90 (Eq. 2-40) 
and 
-jA=AL-90° (Ед. 2-41) 


Equations 2-40 and 2-41 are important. Memorize them for future use. Incidentally, 
any positive angle can be expressed as an equivalent negative angle and vice versa. 
For example, 5 /. —90? is equivalent to 5 /. 270? and vice versa. In general, you 
express angles in the first three quadrants as positive angles, while angles in the 
fourth quadrant are usually expressed as negative angles. 


Mathematics for Circuit Design 2-83 


Example 2-27 


Sketch polar numbers 4 / 120? and 3 / 220% Express the given 
positive angles as equivalent negative angles. 


To determine the equivalent negative angle, all you do is subtract the given positive 
angle from 360°. Therefore: 


41 120° = 4/— (360° — 120°) = 4/ – 240° 
3/ 220° = 3/ – (360° 220°) = 3 L — 140° 


The sketches are shown in Figure 2-42 A and B respectively. 


IMAGINARY IMAGINARY 

4 
%1209 +220° 
А КЕЛІ В REAL 
-2409 -1409 
3 
44120 = 4z -240? 3422209 = 37 -140* 
Figure 2-42 


Sketches for Example 2-27. 
A. 4L 120° = 4L —240*. 
B. 3/ 220° = 3L —140*. 
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Multiplication and Division of Polar Numbers. 


The multiplication and division of polar numbers is really quite simple; the following 
rules are employed: 


Multiplication 
А/Ө, хВ/ ө, = АВ/ (6, + 9) (Ед. 2-42) 
Division 


А29: — A; (0-0) (Ед. 2-43) 
Ble B 


The following examples illustrate the use of these rules. 
5 1. 30° x 6/60% = 5(6) L (30° + 60°) = 30/ 90° 
3 130° x 4/-20% = 3(4) L (30? - 20°) = 12/ 10° 
4L-60° x 6/ 40° = 4(6)  (-60° + 40°) = 24 L -20° 


2L-5 x 41 -6° = 2(4) L (-5°- 6) = 8L-11* 





100: 603 100 / (60° — 20°ут= 8 40° 
207205 20 





100 /. 30° = 100/ (30° – 70°) = 4/ – 40° 
25170 25 





80/ 40° _ 80, (40° (-20°)) = 21 60° 
401-203 40 


60 L-30° = 60, (—30°—(—10°)) = 6/ -20° 
oaeo "HO 


As you сап see, when you are multiplying polar numbers, multiply the magnitudes 
and add the angles. Similarly, when you are dividing polar numbers, divide the 
magnitudes and subtract the angles. 
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Rectangular == Polar Conversions 


You add and subtract polar numbers by first converting them to rectangular num- 
bers. You can then add or subtract the rectangular numbers and convert the result 
back to polar form. For this reason, you need to know how to convert polar numbers 
to rectangular numbers and vice versa. Such conversions are based on Pythago- 
rean theorem and the trig functions discussed earlier. First, we will examine the 
method used to convert polar numbers to rectangular numbers; and then illustrate 
the reverse, rectangular to polar, conversions. 


IMAGINARY 







р = (а + jb) «AZO 


b 





REAL 


Figure 2-43 


Diagram used to derive polar to rectangular and rectangular to polar 
conversions. 


Figure 2-43 shows a right triangle where A is the hypotenuse and a and b are the 
legs. The cos of the angle 0 is: 


cos0 = а. 
A 


Therefore, a = A cos 8. 


Similarly, the sin of the angle 9 is: 


sin Ө = Б 
А 


Thus: 
b = Asin 8 
In general, then, we can state: 


А/Ө = АсоѕӨ + ЈА ѕіп Ө (Еа. 2-44) 
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Equation 2-44 permits you to convert polar numbers to rectangular numbers. The 
following examples illustrate this process. 


5453139 = 5c0s53.19" + j 5 sin 53.13" 
= 5(0.6) + j5 (0.8) 
= 3-14 


5/ 126.877 = 5c0s126.87 + |5 сіп 126.87% 
= 5(-0.6) + |5 (0.8) 
= -3+]4 


51 233.13 = 5cos233.13° + |5 sin 233.13° 
= 5(-0.6) + j5 (-0.8) 
= -3-j4 


5/-5313% = 5cos—53.13° + j 5 sin- 53.13° 
= 5 (0.6) + j5 (0.8) 
= 3-j4 


Once again, referring to Figure 2-43, via the Pythagorean theorem, we see that: 


а = Va? + b? (Ед. 2-45) 
апа 
Ө = arctan 0 (Eq. 2-46) 
а 


Equation 2-45 is valid for any quadrant. Equation 2-46 onthe other hand, is only valid 
for the first quadrant. Figure 2-44 shows you how to calculate angles in all four 
quadrants. For example, in the second quadrant, angle Ө is clearly less than 180° by 
an amount equal to angle o. By looking at the other sketches in Figure 2-44, you can 
see how angle 8 is calculated in each quadrant. Table 2-4 summarizes this important 
information. 


кее 


IV -8 = arctan? 
a 


Table 2-4 


Calculating the Angle Ө For Rectangular To Polar Conversions. In 
each case, the values of a and b used are the absolute values. 
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A B 


IMAGINARY IMAGINARY 


REAL REAL 





b 9a 1809 - Za 
8 = ARCTAN — 
Ө = 180° - ARCTAN 2. 
FIRST QUADRANT 
SECOND QUADRANT 


С 


ІМАСІМАКҮ 


D 


IMAGINARY 


REAL 





0* 1809 + Za 





8 = 180° + ARCTAN È : 
а -8 = ARCTAN È 


THIRD QUADRANT 
FOURTH QUADRANT 


Figure 2-44 


Calculating angles in the four quadrants. 
A. First quadrant. 
B. Second quadrant. 
C. Third quadrant. 
D. Fourth quadrant. 
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When you need to convert a rectangular number to a polar number, use Equation 
2-45 to determine the magnitude of the polar number. Then use Table 2-7 to deter- 
mine the angle. To illustrate this process, let's "reverse" the examples provided in 
the discussion of polar to rectangular conversions. 


3+ ј4= А/Ө 


А = Va? +b? = У32 + 42 = V25 = 5 


For first quadrant numbers in Table 2-4 indicates Ө = arc tan 2. Thus: 


= arc tan К = arc tan 1.333, which corresponds to 0 = 53.13°. 


Thus, 3 + j4 = 5/. 53.13". 
Following a similar procedure for the other numbers, we have 
-3+j4 A=V(-3)? + (4)2 = 5 
Ө = 180%- arc tan P 
а 
Ө = 180° – агсіап 1.333 = 126.87° 
Thus, -3 + |4 = 5 L 126.87° 
-3-М A = У (-8)? + (-4)? = 
6 = 180° + arc tan P 
a 
Ө = 180? + arc tan 1.333 = 233.13? 
Thus, -3 – j4 = 5 L 233.13? 
3-j4 А = V (3)? + C4» = 5 
— = arc tan P 
a 
— = arc tan 1.333 = 53.13? 


Thus3-j4 = 5 / – 53.13° 


With а little practice, and the help of a calculator, you will find it relatively easy to con- 
vert polar numbers to rectangular numbers and vice versa. 
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Self Test Review 





59. Arighttriangle has legs of 5cm and 12cm. Thehypotenuseis сп. 

60. Assuming Н = hypotenuse, О = opposite side, and A = adjacent side, sin Ө 
= _, COS 0 = _ and tan 0 = 

61. or means "the angle whose 
cosine is". 

62. Тһе tangent function is positive in the zm апа = з = ЕБЕ 
quadrants. 

63. Multiplying areal quantity by j is equivalenttoa . degree 
CI rotation. 

64. Multiplying a real quantity by —j is equivalent to a 
degree . rotation. 

65. 8/-16x3/32- — i 

ec, 254 30° _ L 
5 L-15° — 

67. 20/60%- + | . 30 L—45° = 
MEX -j. __. Therefore, 20 L 60° + 30 L 
—45° = | 


68. Шуоисопуегіһе rectangular equivalent of 20/ 60° + 30 / —45° to polar form, 
the result is pub ШЕ 
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Here are the solutions to question 59 and 65 to 68. 


Answers 


59. 
60. 


ӨЛЕ 
62. 
63. 


59! 


68. 


66. 


67. 


68. 


13cm 

біп0 = О/Н,со50 = A/H 
tan8 = O/A 

arc cos, or cos! 


first, 
90°, 


ст = Va? + b? = V(5)? + (12? = V169 = 13cm 


84-16% 


third 
counterclockwise 





х3/ 32° = 8(3)/ -16 + 32) = 24 / 16° 


25/ 30° = 25, (30°—(—15°)) = 5/ 45° 





90°, clockwise 

24,/ 16° 

5 15) 

20/ 60° = 10 + 17.32 
30/ -45% = 21.21 -ј21.21 
31.21 —j3.89 

31.45/ —7.1? 


Sas 5 
20L60° = 20(cos 60°) |20 sin 60° 
= 20(0.5) + j 20 (0.866) 
= 10 + ј 17.32 
301 -45° = 30 соѕ – 45° + |30 sin – 45° 
= 30(0.707) + j 30 (0.707) 
= 21.21-21.21 
201 60° + 30L-45° = (10 + j17.32) + (21.21-21.21) 
= (10 + 21.21) + (17.32-21.21) 
= 31.21 – 3.89 
А = wW(8121) + (3.89? 
A = 7/974.06 + 15.13 
A = V 989.19 = 31.45 


From Table 2-4 


—@ = arctan B = arctan —3:89 = arc tan 0.1246 





31.21 


which corresponds to@ = —7.1? 
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SUMMARY 


Here are the key ideas we presented in this unit 


The opening or closing of a switch produces abrupt changes in the currents and 
voltages in a circuit. In physical circuits, instantaneous changes are not possible 
because physical circuits always exhibit some capacitance and inductance. 


The currents and voltages in single loop RC and RL circuits driven from a DC source 
are exponential in nature. By substituting the initial value, final value, and time 
constant into the exponential equation, you can obtain an equation for the particular 
current, or voltage of interest. You can determine the initial values by realizing that 
capacitor voltage and inductor current cannot change instantaneously. Thus, the 
value of capacitor voltage or inductor current change the instant just after a switch is 
opened or closed (t — 0*) must equal the value of capacitor voltage or inductor 
current the instant just before the switch was thrown (t = 07). 


You can determine the final values by realizing that a capacitor acts like an open 
circuit, and an inductor acts like a short circuit, once the steady-state values are 
reached. The time constant of an RC circuitis R x C, and the time constant of an RL 
circuit is L/R. For practical reasons, we assume that it takes five time constants to 
reach the steady-state values. Be careful when you are opening inductive circuits 
because of the possibility of a large self-induced voltage. 


The basic exponential function is of the form y — b*. The logarithm of y to the base 
b is the exponent x. In logarithmic form, x — log, y. In electronics, both natural 
(base e) and common (base 10) logarithms are encountered. The symbol used for 
base e logarithms is In, while the symbol log is used for base 10 logarithms. Since In 
y = 2.303 log y, it is relatively easy to convert from one base to the other. Some of 
the properties that logarithms obey include: 


log AB = log A + log B 
ода = log А – log B 


log А" = nlog A. 


Natural logarithms are useful when you want to determine how long it will take for the 
voltage across a capacitor to reach a particular value. Common logarithms are used 
to express current, voltage, and/or power gains as logarithmic ratios in units of 
decibels (dBS). For a current or voltage ratio Agg = 20 log A, and for a power ratio 
Apap = 10 log Аһ. Since dB notation is used extensively, it is important to be able to 
convert from, and to, dB notation. 
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One advantage of dB notation for a series of cascaded sections is the fact that the 
net dB gain equals the sum of the dB gains of each section. Some instruments have 
dB scales calibrated to indicate relative values rather than absolute values. In such 
cases, the subscript m is added to the dB notation to indicate that a reference level is 
being used. 


Real numbers are represented as points on a horizontal line called the real number 
line. The square root of a negative real number is called an imaginary number. 
Imaginary numbers are represented as points on a vertical line called the imaginary 
number line. 


A complex number is the algebraic sum of a real and imaginary number. Complex 
numbers are represented as points in the complex plane formed by the intersection 
of the real and imaginary number lines. Rectangular complex numbers are of the 
form а + jb, where a is the real part, b the imaginary part, and | represents the V—1. 


You add rectangular numbers by simply adding the real and imaginary parts. You 
subtract rectangular numbers by converting the given subtraction problem into an 
equivalent addition problem. The multiplication of two rectangular numbers is similar 
to multiplying binomial expressions in algebra. The major difference is that j? is 
replaced by —1, and -? by + 1 once the product is obtained. You form the conjugate 
of a complex number by changing the sign separating the real and imaginary parts. 
This concept is important, since you divide rectangular numbers by multiplying the 
numerator and denominator by the conjugate of the denominator. 


You can also express complex numbers in polar form. In this case, the distance 
between the origin and the point in the complex plane is given, as well as the angle 
between the positive real axis, and a line joining the point and origin. In working with 
polar numbers, the basic trig functions of sine, cosine, and tangent are employed in 
conjunction with the Pythagorean theorem. 


Multiplication and division of polar numbers is relatively simple. To add and subtract 
polar numbers, however, you have to first convert the polar numbers to rectangular 
numbers. Then add or subtract the rectangular numbers and convert the result back 
to polar form. Convert from polar to rectangular by utilizing the relationship А/Ө = A 
cos 8 + jAsin Ө. To convert a rectangular number to a polar number, calculate the 
magnitude of the polar number from A = Va? + b?. Determine the angle Ө by 
referringto Table 2-4. Use a scientific calculator when you are working with complex 
numbers. 


At this time, complete Experiment 2 in Unit 8. 
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UNIT EXAMINATION 


The following multiple choice examination is designed to test your understanding of 
the material presented in this unit. Place a check beside the multiple choice answer 
(A, B, C, or D) that you feel is most correct. When you have completed the examina- 
tion, compare your answers with the correct ones that appear after the exam. 


S S 
100KQ 


10v = 10uF IMQ 


Figure 2-45 


Circuit for Questions 1 to 4. 
Refer to Figure 2-45 for questions 1 to 4. 


1. initially both switches are open and the capacitor is uncharged. Switch S, is 
closed att = 0. The capacitor voltage reaches 10V after approximately: 
A. 1 second. 
B.  5seconds. 
C.  25seconds. 
D.  25,ys. 


2. Att = 127 seconds, switch S, is opened. The energy storedin the capacitor is: 


A. 500 uJ. 
B. 5J 

C. 500 mJ. 
D. Zero 


3. Теп seconds after switch S, is opened, swtich S, is closed. The equation for 
the capacitor voltage from this point on is: 


A. 10(1-e7). 
B. у.) = 10V. 
C. 10(1 + е”). 
D.  10e"*!0, 


4. Опсе switch S, is closed, the period of time that must elapse before the 
capacitor voltage equals 6V is: 
A. 10 seconds. 
B. 50 seconds. 
C. 5.108 seconds. 
D. 76.073 ps. 
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= i if Sur 


Figure 2-46 


Circuit for Question 5. 


5. The voltage across the 5uF capacitor in Figure 2-46 is: 


АЛЕ BV. 
Ес EV. 
б" То 
DX 794 


Refer to Figure 2-47 for questions 6 to 8. 


із 0 
5KQ 


25V = 20H 


Figure 2-47 


Circuit for Questions 6 to 8. 


6. Once the switch is closed, the equation that describes the inductor current is: 
А. | 5mA(1-—e-4000t, 
B. 5тА(1-е-50). 
C. i(t) = 5mA. 
D. | imA(1—e-2505. 


7. Once the switch is closed, the equation that describes the inductor voltage is: 
A. 25(1-е-50) 
B. 25(1-е-%900) 
C ab mm. 
Dp 25е 


8. Inthe steady-state, the energy stored in the inductor is: 


A. 10044. 
B 75mJ. 

C.  750yuJ 
D 250ш] 
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9. Ify = 4$, then the logarithm of y to the base 4 is: 
y. 

4. 

6. 

10. 


oom» 


10. ІНодх- 2.5, then In x equals: 


A. 2.718. 
B. 10. 

С. 10855. 
О 57575, 


11. The dB gain that corresponds to a voltage gain of 100 is: 


A. 40ав. 

В. 100ав 

С. 20dB 

D A reference level is needed. 


12. Anamplifier consists of two cascaded stages whose voltage gains are 4 and 
20, respectively. The overall gain of the amplifier is: 


A. 24dB 
B.  S8dB 
(774 Бан! 
D 200: 


13. ІҒ20100х = 100, then x equals: 


А. 5. 

В 100,000. 
C. 20. 

D 100. 


14. dBm notation implies: 
A. Natural logs. 
B.  Areferencelevel. 
C.  Powergain. 
D. Voltage gain. 


15. 10/ 90% equals: 
A. |10. 
B. -і10. 
C. 10-10 
D. 10-10. 


ИИ 


16. (3-j2) + (-5 + |6) equals 
2- j4. 

-2-j4 

—2 + |4. 

8 + j8. 


com» 


17. (10-j6)- (3 + j5) equals 
А 7-1 


18. (2-j5)(3 + |4) equals: 
А 2-7 
BEST 
C.  -14- jr. 

э EET. 


19. (26-j7) divided by (3 + j4) equals: 


A. 2 + }5. 
В. 2-j5. 
С. 14 +]7. 
D. -2 +j5. 


20. 3460x 10/ -20° equals: 


А. _ 30/ 40°. 
В. 30/80. 
C. 30/-40°. 
D. 30/60. 


21. 1002 60? divided бу 20 /— 20° equals: 


A.  5L40*. 
В. 5/680? 
C. 51—40°, 
Dy 52807. 


22. 2- }5 equals: 
A. 5.385/68.2°. 
В. 5.385/ -68.2. 
С. 5.385 / 248.2°. 
BD. 5385/1118- 


23. 100/ 60? equals: 


A. 50: j86.6. 
B. 86.6 + }50. 
С.  50-j86.6. 
D.  86.6-j50. 
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EXAMINATION ANSWERS 


1. B — Тһе charging time constant is 100kO(104.F) or 1s, since five time 
constants are required to reach the steady statet — 5(1) — 5s. 


2. A — The energy stored in a capacitor is 


W = iov. Thus, W = i (106Р) (100V)? = 5004. 


3. D — Тһе discharging time constant is 1МО(10рР), or 10s. Substituting 
т = 10s, V, = 10V, and V, = 0 into the exponential equation yields: 


“(0 = 10 e10 
4. C — Substituting 7 = 10s, V, = 10V, V, = 0, and v(t) = 6V into Equation 
2-22 yields: 


--тіп KOEN 
V-V: 

і--101Іһп.6-0 = —101п0.5 = 5.1085 
10-0 


5. А — The series 20рР апа 5рР capacitors have a total capacitance of C, = 
20(5)/20 + 5, or 4p F. Using the formula for capacitive voltage 
division, you obtain: 


Vy = V, (C/C, = 10V(4uF)/5pF = 8V 


6. B — Тһе time constant is ША or 20H/5kQ = 4ms. The initial inductor 
current І, is 0, and the final inductor current 1, is V/R or 25V/SkQ = 
5mA. Substituting these values into the exponential equation yields: 


i (t) = (1,-1е +1, 
i(t) = (0 — 5mA) ет + 5mA 
i(t) = 5mA — 5mA e-?9*! = 5mA (1 — е-250) 


7. D — т = 4ms. The initial inductor voltage V, is 25V, and the final inductor 
voltage V, is О. Substituting these values into the exponential equation 
yields: 


v(t) ә” (Va Ven + ME 
(25-0) et4ms + 0 
25 e725% 
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19. 


Tib, 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


The energy stored іп an inductor is W = 1/2 Ш, Thus, W = 1/2 (20H) 
(5mA)? = 250и). 


Тһе logarithm of 46 to the base 4 is the exponent; which in this case 
is 6. 


To convert from common logs to natural logs, you use the following 
formula: In y = 2.303 log y. Thus, In x = 2.303(2.5) = 5.7575 


For a voltage or current ratio, Ay, = 20 log A. Thus, Ajg = 20 log 100 
= 40dB. 


The total gain is 4(20) or 80. Since this is a voltage ratio, Ajg = 20100 
80 = 38dB. 


20log x = 100 
log x = 100/20 = 5 
Therefore, x — 105 or 100 000 


Тһе m is added to indicate that a reference level is being used. 


Multiplying a real number by j is equivalent to a 90? counterclockwise 
rotation. Thus, 10 / 90? = j10. 


(3-j2) + (-5 + |6) 


(3—5) + jC2 + 6) 
= -2-И 


(10—]6)—(3+]5) = (10-6) + (-3-j5) 
= (10-3) + (-6-§) 
= 7- jn 


(2-j5) (3 + |4) = 2(3 + |4)-|5(3 + j4) 
= 6 +j8-j15-j?20 
= 6+ j8—-ji5 + 20 
= 26-j7 


26-j7 _ (26-j7) . (3-4) 
3+j4 (3+ ја) (3-М) 
= 2606218120820) 








32 + 4° 
_ 78- j104 —j21 — |228 
9+ 16 
_ 78 - j104 - j21 — 28 
25 
_ 50-125 


= 2-]5 





25 
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20. A — 31.60? x 10/ –20° = 3(10) L (60°— 20°) = 30/ 40° 


21. D — 1002 60° _ 100, (в0°- (-20°)) = 5 L 80° 
20 L-20° 20 


22. B — А = Ма? + t? = Ү/(2) + (—5)2 = V29 = 5.385 


2 — j5 lies in the fourth quadrant. Thus, —0 = arc tan P = arc tan 2 = 
а 
arc tan 2.5 which corresponds to 0 = —68.2° 
23. A — 100 L 60% = 100 сов 60° + |100 sin 60° 


100(0.5) + |100(0.866) 
= 50 + |86.6 


\! 


Am wat | ж-т im rege A 


= 
- 
= 
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INTRODUCTION 


Generally speaking, the currents and voltages in DC circuits are constant. In 
RC and RL DC circuits, abrupt changes due to the signal source, or a switch, 
produce response that exponentially rise or decay from an initial constant value 
to a final constant value. This transient condition lasts for a relatively short time, 
equal to approximately five time constants. Recall that the effects of capacitance 
and inductance were significant only during the relatively brief transient period 
— when the responses were changing. 


An AC source is one that periodically reverses polarity. Thus, current flows first 
in one direction, then the other. Since the responses are continually changing, 
both capacitance and inductance oppose the flow of AC current. By using complex 
numbers, the techniques of DC circuit analysis can be extended to include the 
analysis of AC circuits. In this unit, you will learn how complex numbers are 
used to determine the currents, and voltages in AC circuits. 
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UNIT OBJECTIVES 


When you have completed this unit, you should be able to: 


i 


2. 
3. 
4. 


o оч Фо л 


Define: peak value, peak-to-peak value, average value, period, cyclic fre- 
quency, radian frequency, and phase angle. 

Distinguish between pulsating DC, pure DC, and AC waveforms. 

Convert time domain to frequency domain expressions, and vice versa. 

Apply the techniques of DC circuit analysis to elementary AC circuits by using 
complex notation. 

Calculate the power supplied by a source to an AC circuit. 

Define circuit phase angle and power factor. 

Determine the load impedance required for maximum power transfer. 
Summarize the characteristics of series and parallel resonant circuits. 
Construct the frequency spectrum of a complex wave when given the Fourier 
series forthe wave. 
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UNIT ACTIVITY GUIDE 


Read section on “Sinusoidal Notation”. 
Answer Self-Test Review questions 1-18. 
Read section on "Reactance and Impedance". 
Answer Self-Test Review questions 19-34. 
Perform Experiment 3 in Unit 8. 

Read section on "Selected AC Topics". 
Answer Self-Test Review questions 35-42. 
Study Summary. 


Complete Unit Examination. 


oD E ш ПІ EIS bs mg Ek 


Check Examination Answers. 


3-6 | UNIT THREE 


SINUSOIDAL NOTATION 


A periodic signal is one that repeats its basic pattern at regular time intervals, 
called a period (abbreviated T). There are many types of periodic waveforms 
that are important in electronics. Some examples include square, sawtooth, and 
triangular waveforms. The sine wave, however, is without question the single 
most important waveform you will encounter in your study of electronics. As the 
electrical industry developed, it was quickly discovered that it is much easier 
to generate and economically transmit sinusoidal voltages than DC voltages. In 
addition, non-sinusoidal waveforms, like square waves, sawtooths, and triangular 
waves, can be represented as the sum of a series of sine waves. For these 
reasons, it is essential that you learn how to describe sine waves, and how to 
analyze circuits with sinusoidal sources. 


Time Varying Signals 


The term DC stands for Direct Current. This simply means that the current flows 
in one direction. The term pure DC is used to describe a current that flows 
in one direction and always has the same value. Similarly, a voltage would be 
described as pure DC, if it always had the same polarity and magnitude. If a 
current flows in one direction and varies in value (or if a voltage has one polarity 
and varies in magnitude), the term pulsating DC is used to describe the current 
(or voltage). Figure 3-1 illustrates some examples of pure and pulsating DC 
waveforms. Note that the values of the pulsating DC waveforms change with 
time. For this reason, the pulsating DC waveforms are considered to be time-var- 
ying signals. Also note that the period of the pulsating DC waveforms in Figure 
3-1B is 1ms, since this is the amount of time required for the waveforms to 
complete one cycle. 
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itt) v(t) 





A 
t(ms) t(ms) 
PURE DC 
i(t) v(t) 
B 
t(ms) t (ms) 





PULSATING DC 


Figure 3-1 


Typical DC waveforms 
A PureDC 
B Pulsating DC 
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itt) v(t) 


t(ms) 





SQUARE WAVES 


i(t) v(t) 


t(ms) 





TRIANGULAR WAVES 


Figure 3-2 


Typical AC waveforms 
А Square waves 
B Triangular waves 


AC is an abbreviation for alternating current. An AC voltage is one whose polarity 
reverses each half cycle. Thus, current flows first in one direction, then the other. 
Some examples of typical AC waveforms are illustrated in Figure 3-2. You should 
note that the period of the square waves is 2mS, and the period of the triangular 
waves is 3mS. 
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Figure 3-3 


The sine wave 


The Sine Wave 


Figure 3-3 illustrates a sine wave voltage. This is the type of AC waveform that domi- 
nates the electronics industry. Since the value of a sinusoidal current or voltage con- 
tinually changes, you must be specific when describing the value of the waveform. 
In orderto do this, you should be familiar with the following terms. 


PEAK VALUE 

This is the maximum positive or negative value of the waveform. As shown in Figure 
3-3, the positive and negative peak values of the sine wave are equal. The term 
maximum value is also used to indicate the peak value. Thus, Vp = Vin. 


PEAK-TO-PEAK VALUE 


This is the value from the positive peak to the negative peak. Thus, Vp, = 2V, — 2V m. 
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EFFECTIVE VALUE (rms) 


The effective value is the most commonly used value for an AC waveform. The 
effective value of an AC waveform is determined by the equivalent heating 
effect of a pure DC waveform. Thus, if an AC voltage has an effective value 
of 10V, it will produce the same amount of heat when connected across a resistor 
as 10V of pure DC connected across the same resistor. Similarly, an AC current 
that has an effective value of 10A will produce the same amount of heat as 
10A of pure DC, assuming each current were to flow through the same (or equal) 
resistance. Incidentally, effective values are also called root-mean-square or rms 
values. Most AC instruments are calibrated to indicate the effective (rms) value 
of sine waves. For sine wave voltages and currents the rms values are calculated 
as follows: 


Мите = 0.707 Vm (Eq. 3-1) 
limes = 0.707 Im (Eq. 3-2) 


where V,ms and |, ms denote effective values 
Vm and Im denote peak values. 


If you wish to convert rms values to peak values, use the following formulas. 








Vems _ 
Vm = A = 1.414 У, те (Еа. 3-3) 
Гев 
Im = 0707 ^ 1.4141, ms (Eq. 3-4) 
AVERAGE (DC) VALUES 


Graphically, the average value of a waveform equals the area under the waveform 
divided by the base of the waveform. The true average value of a sine wave is zero, 
because the waveform has the same amount of positive (above zero) area and 
negative (below zero) area. Thus, the net area is zero, which makes the true aver- 
age value zero. The average value of either the positive, or negative portion of a 
sine wave is given by: 


Vavg = 0.636 Vin (Eq. 3-5) 
lavg = 0.636 Im (Eq. 3-6) 


Naturally, for the negative portion of a sine wave, the average value is negative. 
Also the average value is positive for the positive portion of the sine wave. Figure 
3-4 illustrates the concept of average values for a sine wave. The term DC value 
is often used to mean average value since a DC instrument will provide a reading 
equal to the true average value if it is used to measure an AC waveform. For this 
reason, aDC voltmeter will read OV if it is used to measure a sine wave voltage. 
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A 
THE TRUE AVERAGE VALUE OF A SINE WAVE 15 ZERO 
v(t) SINCE THE POSITIVE AND NEGATIVE AREAS CANCEL. 
B 
POSITIVE PORTION OF THE SINE WAVE 
v(t) 
С 





NEGATIVE PORTION OF THE S INE WAVE 


Figure 3-4 


The concept of average value 
A The true average value of a sine wave is zero since the positive 
and negative areas cancel 
B Positive portion ofthe sine wave 
C Negative portion ofthe sine wave 


PERIOD 


Thisis the amount of time required to generate one complete cycle of the waveform. 
The symbol T'is used to indicate the period of the waveform. 
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Figure 3-5 


Cross sectional view of an AC generator 
In this simplified case the armature consists of a single loop. The 
diagram shows what the induced voltage looks like (in one side of 
the armature) asthe conductor rotates in a clockwise direction 
through the magnetic field. 


FREQUENCY (CYCLIC) 


The cyclic frequency indicates the number of cycles generated each second. 
Usually the word cyclic is deleted. Thus, the term frequency means cyclic fre- 
quency. The units of frequency are normally given in Hertz (abbreviated Hz). 
One Hz is equivalent to one cycle per second. The relationship between frequency 
and period is given by the following formula: 


f- (Eq. 3-7) 


2S 
T 


For example, a sine wave whose period is 1ms has a frequency of 1/1ms or 
1kHz. 


RADIAN FREQUENCY 


A sine wave voltage can be generated by rotating a conductor, in the form of 
a loop of wire called an armature, in a magnetic field. Figure 3-5 illustrates a 
simple AC generator, and the resulting sine wave output voltage. This particular 
generator employs a single pair of north-south magnetic poles. Naturally, practical 
AC generators have armatures consisting of many loops of wire, and several 
pairs of north-south magnetic poles. Generally speaking, the frequency of the 
generated voltage equals the product of the angular velocity of the armature 
in revolutions per second and the number of pairs of north-south magnetic poles. 
Since one complete cycle corresponds to 23 radians (360 degrees), the angular 
velocity in radians per second equals 2т times the frequency. Another name 
for angular velocity is radian frequency. Thus: 


w=2nf  (Eq.3-8) 


where о = radian frequency in rad/s 
f «frequency in Hz. 


A radian is simply a unit of angular measure. An angle of one radian is equivalent 
to (approximately) 57.32. 


Notice in Figure 3-5 that the horizontal axis is labeled in degrees rather than units 
of time. Since radians are also units of angular measure, the horizontal axis could 
also have been labeled in units of radians. The sine wave derives its name from 
the fact that it changes in value according to the trigonometric sine function. Thus, 
the horizontal axis of any sine curve may be labeled in units of time, degrees, or 
radians as illustrated in the following example. 


Example 3-1 
A 60 Hz, 10V peak sine wave voltage is available from a signal 
generator. Sketch the voltage with the horizontal axis labeled 
in (a) units of time, (b) units of degrees, and (c) units of radians. 


(a) Since the frequency is 60 Hz, the period is: 


1 
60 Hz 





T= T = = 16.67 ms. 
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v(t} 


t(ms) 
` 16.67 









v(t) HORIZONTAL TIME AXIS 
10V 
B а Чч DEGREES 
3609 
-10у 


HORIZONTAL DEGREE AXIS 


RADIANS 





HORIZONTAL RADIAN AXIS 


Figure 3-6 


Sketches for Example 3-1 
A Horizontal time axis 

B Horizontal degree axis 
C Horizontal radian axis 
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Clearly, the time required to complete one-fourth, one-half, and three-fourths of 


a cycle equals the period (16.67ms) times 0.25, 0.5, and 0.75 respectively as 
shownin Figure 3-6A. 


(b) Since T = 360? 
Т/4 = 0.25 (360°) = 90% 
T/2 = 0.5 (360°) = 180° 
3Т/4-0.75 (360°) = 270° 
(с) Similarly, since Т'= 360° = 27 radians 


T/4 = т/2 rad 
Т/2 = п rad 
37/4 = Зт/2 rad 


Figure 3-6B and Figure 3-6C illustrate the respective sketches. 
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v(t) 





Figure 3-7 


The cosine wave 


PHASE ANGLE 


А cosine wave changes in value according to the trigonometric cosine function. Fig- 
ure 3-7 illustrates a cosine wave voltage. Note that the cosine wave has the same 
shape as a sine wave. In fact, the only difference between a sine and cosine wave 
is that a cosine wave starts 90° earlier than a sine wave. For this reason, a cosine 
wave is said to lead a sine wave by 90°. Conversely a sine wave is said to lag a 
cosine wave by 90°. Figure 3-8 illustrates a sine (v4(t)) and cosine (v2(t)) wave 
sketched on the same axis. Note that the cosine wave reaches its maximum value 
90° earlier than the sine wave. Since sine and cosine waves have the same shape, 
the more general term sinusoid is used to describe either function. The mathemati- 
cal description of a sinusoid is given by: 


v(t) = Vinsin (wt + 0) (Eq. 3-9) 


where Vm = peak value 
w = radian frequency 
Ө = phase angle 


In electronics, the phase angle is usually expressed in degrees (mathematicians 
prefer units of radians). Naturally, the equation for a sinusoidal current is similiar 
to Equation 3-9; the only difference is that Vm is replaced by Im. Equation 3-9 indi- 
cates that sinusoids may differ from each other in either peak value (Vm), radian 
frequency (w), phase angle (8), or some combination of the three. In most cases 
the frequency of the sources is constant. Thus, in most circuits sinusoidal currents 
and voltages will differ only in their peak values, and/or phase angles. 
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v(t) 





Figure 3-8 


Sine and cosine waves 
Тһе cosine wave v2(t) leads the sine wave v,(t) by 90°. Alternately you 
can say the sine wave v,(t) lags the cosine wave уг(1) by 90°. Both 
sine and cosine waves may be described by 
the moregeneralterm sinusoid. 


Example 3-2 


Most appliances in the United States are designed to operate 

from a 115V rms, 60 Hz source. From this information deter- 

mine: 

(a) The peak voltage. 

(b) Тһе peak-to-peak voltage. 

(c) Theeffective voltage. 

(d) Theaverage voltage. 

(e) Тһесусііс frequency. 

(f) The period. 

(с) Theradian frequency. 

(h) An equation that describes the voltage. Assume the phase 
angle is 0°. 


(а) Vm = 1.414 Vrms 
Vm = 1.414 (115V) = 162.61V 
(D) Уә-2Ут 


Vpp = 2(162.61V) = 325.22V 


(c) The effective voltage is just another name for the rms voltage. Therefore 
Мен = Мете = 115У 


(d) Since the voltage is sinusoidal its true average is zero. Thus, Vavg = 0 
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(e) The cyclic frequency was given as 60 Hz. 


w = 2т(60) = 120т = 377 rad/s 


Мк Sin (wt+ 0) 


( м 
162.61 sin 377t 


you 


Figure 3-9 illustrates a sketch of the voltage. 


v(t) 


*162.61V 
7 tims) 325. 22V 
-162. 61V | 
16. 67 
EU 
Figure 3-9 
Sketch of outlet voltage for Example 3-2 
Example 3-3 


Sketch thefollowing voltages: 
(a) w(t) = 10sin1885t 
(b) vz(t) = 10sin (1885t 4- 45?) 
(c) v3(t) = 10sin(1885t — 45°) 
How do these voltages differ from each other? 


In each case, the peak voltage (10V), and radian frequency (1885 rad/s) is the 
same. Thus, the voltages are identical except for their respective phase angles. Fig- 
ure 3-10 illustrates a sketch of the three sinusoids. Note that va (t) leads v, (t) by 
45° while ъз (t) lags v4 (t) by 45°. 
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v1tt) 


10V yc 


10 sin 188 5t 









A t 
volt) 
10V 10 sin (1885t+45°) 
y 8 
B t 
10 sin (1885t-459) 
C t 


Figure 3-10 


Three voltages that differ only in phase 
А 6=0° 
B @=+45° 
С 9--45% 
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-10 
|4-8.33 ms—> se 


i VERSES TIME 


iatt) 





Nos 


ig VERSES TIME 


Figure 3-11 
Waveforms for Example 3-4 


A i,versestime 
B ieversestime 


Example 3-4 


Write equations that describe the currents in Figure 3-11A and 
B respectively. 


Note that the period of each current is 8.33ms. Thus, 


D es 1 = 1 = 120 Hz 


Т 833г 
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The radian frequency (o) is therefore: 
о = 2nf = 2т(120) = 754 rad/s 
In Figure 3-11A, Im = 10A, and ө = 90°. Thus: 


i, (t) = Im sin (ot + 9) 
i; (t) = 10 sin (754t + 90°) 


In Figure 3-11B, lj, = 8A, апа @ = —90°. Thus: 


ig (t) = Im sin (wt + 0) 
ig (t) = 8 sin (7541 — 90°) 


Incidentally, i4 (t) тау be described by: 


i4 (t) = 10 cos 754t 


This is valid because the only difference between a sine and cosine wave is that 
a cosine wave starts 90° earlier than a sine wave. In this course, we will express 
all sinusoids as sine functions. However, if you needed to convert from sine notation 
to cosine notation or vice versa, you could use the following “trigonometric iden- 
tities”. 

cos (ot + 0) = sin (wt + Ө + 90°) (Eq. 3-10) 

біп (ot + 6) = cos (wt + Ө —90°) (Eq. 3-11) 


Thus, to convert from cosine to sine notation, you add 90°, and to convert from sine 
to cosine notation, you subtract 90°. 


Example 3-5 


(a) Convert 20 cos (100t — 30°) to sine notation 
(b) Convert 16 sin (504 + 60°) to cosine notation 


(a) 20cos(100t — 30°) = 20sin (100t — 30° + 90°) 
= 20sin (100t + 60°) 


(b) 16sin (50t + 60°) = 16 cos (50t + 60? — 90°) 
= 16 cos (50t — 30°) 


3-22 | UNIT THREE 


Frequency Domain Notation- Phasors 


Expressions like i(t) = Im sin (wt + 0), and v(t) = Vm sin (ot + 6) are called time 
domain expressions because it is obvious that the values of i(t) and v(t) vary with 
time. In the simple generator of Figure 3-5, you saw that voltage values at a particu- 
lar instant in time corresponded to specific positions of the armature — as the arma- 
ture rotated (at о rad/s) through the magnetic field. This suggests that, for a con- 
stant frequency: 


A sinusoid may be described by providing its amplitude and phase angle. 


Specifically the amplitude of a sinusoid is expressed as its rms value, and its phase 
angle is given in degrees. 


Thus, the time domain expressions: 
Мт Sin (ot + 09) and lj, sin (wt + 6) 
are equivalent to 
УМ. L0 апа i440 


Expressions like V;ms L Ө, and 1, „5 2 0 are called frequency domain expressions 
because they contain only amplitude and phase information. In addition V, s 
L 6, and I; s L Ө are called phasors. From your knowledge of complex numbers, 
you can see that a phasor voltage or current is described by a polar complex 
number. This fact will be very useful when you analyze AC circuits. The following 
examples illustrate how to convert time domain expressions to frequency domain 
expressions and vice versa. 
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Example 3-6 


Convert the following time domain expressions to frequency 
domain expressions: 

(а) v(t) = 10sin 1885t 

(b) 02 (0) = 10sin (1885t + 45°) 

(c) vs(t) = 10sin (1885t — 45°) 


In each case, Vm = 10V. Thus: 
Vms = 0.707 Vm = 0.707 (10V) = 7.07V 
Therefore: 
(а) У; = 7.07VLO? 
(D) Vo = 7.07VL45° 
(c) Va = 7.07VL-45° 


Note that capital letters are used to indicate phasor quantities. Table 3-1 sum- 
marizes the time to frequency domain conversions. 


v1 (t) = 10 sin 1885t V, = 7.07 LO? 
vo(t) = 10 sin (18851 + 45°) V2 = 7.07 145° 
уа (t) = 10 sin(1885t — 45°) Va = 7.07 L— 45° 














Table 3-1 


Time to frequency domain conversions for Example 3-6 
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210) 1885 гаа/5 
10 10 sin 18851 ©` 
ГА 





Ул 4 ТӘШПУ 05 


-10 


10 sin (1885t+45°) A dE 


V2*7. 07V L 45° 
45° 





Æ 1885 rad/s 
vgit) 10 sin (1885t-45°) 


45° 





V 387. 07V £ -45° 


TIME DOMAIN FREQUENCY DOMAIN 
Figure 3-12 


Time and frequency domain sketches for Example 3-6. 
А Timedomain 
В Frequency domain 


Figure 3-12 illustrates the time and frequency domain sketches of the voltages in 
Example 3-6. Since they illustrate phasor quantities, frequency domain sketches 
are called phasor diagrams. Notice in Figure 3-12B that the phasors rotate coun- 
terclockwise about the origin at « rad/s to remind you of the relationship that exists 
between cyclic and radian frequency. Phasor diagrams are especially useful when 
you wish to compare the phase relationships of two or more sinusoids. 
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1885 RAD/S 


V2 





уз 


TIME DOMAIN SKETCH 


PHASOR DIAGRAM 
Figure 3-13 


Combined time and frequency domain sketches for Example 3-6 
Itis much easier to compare phase relationships with phasor 
diagrams than with time domain sketches. 


Figure 3-134 illustrates the three time domain voltages of Example 3-6 sketched 
on the same scale. Naturally, this is the way the voltages would appear on an oscil- 
loscope (assuming, of course, that the oscilloscope had three channels). If you wish 
to compare the phase relationships of each voltage with the others, it is much easier 
to sketch the phasor diagram shown in Figure 3-13B. As the phasors in Figure 3- 
13B rotate aboutthe origin, the angles between them do not change. Thus, itis rela- 
tively easy to see that: 


V4lags Va by 45° 
V4 leads V3 by 45° 
У, leads V, by 45° 
V2 leads V3 by 90° 
V3 lags V4 by 45? 
V3 lags V2 by 90° 


You can obtain this same information from the time domain sketches in Figure 
3-13A; but, as you can see, it is тоге apparant in the phasor diagram of Figure 3- 
13B. Since you will only consider circuits where the frequency of the sinusoidal 
sources are constant and equal, it is understood that the phasors rotate coun- 
terclockwise about the origin at o rad/s - even if this is not specifically indicated оп 
the phasor diagrams. Naturally, the value of w is necessary to convert a frequency 
domain expression to a time domain expression. 
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Example 3-7 


Convert the following frequency domain expressions to time 
domain expressions - assuming w = 754 rad/s 


(а) I; =7.07А1 0° 
(b) Ip = 3.535А L 45° 


(c) Sketch the phasor diagram, and time domain 
waveforms. 


(а) |. = 7.07A 
Thus, ||. = 1.414 (7.07) = 10A 
Therefore: 


i, (t) = 10 sin 754t 


(D 1. = 3.535 А 
Thus, 12 = 1.414 (3.535) = 5A 
Therefore: 
i2 (t) = 5 sin (754t + 45°) 


Table 3-2 summarizes the frequency-to-time-domain conversions. 


|, = 7.07ALO? i(t) = 105іп 7544 
l2 = 3.535 А/ 45° i2(t) = 5 sin (754t + 45°) 


Table 3-2 










Frequency to time domain conversions for Example 3-7. In this case, wis 754 rad/s. 


(c) Figure 3-14A, and Figure 3-14B illustrate the phasor diagram and time domain 
waveforms 
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2*3.535A 


45° 
А 11*7.07А 


PHASOR DIAGRAM 


i(t) 






> 10 сіп 7544 


5 sin (7541459) 


TIME DOMAIN WAVEFORMS 


Figure 3-14 


Phasor diagram and time domain waveforms for Example 3-7 
A Phasordiagram 
В Timedomain waveforms 
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Self-Test Review 

The A current that flows in one direction and always has the same value, or a volt- 
age that has aconstant polarity and magnitude is called DC. 

2. A current that flows in one direction and varies in value, or a voltage that has 
one polarity and varies in magnitude is called __ DC. 

9 If the direction of a current, or the polarity of a voltage, reverses each half 
cycle, the waveformiscaledan ^ ^ ^ waveform. 

4. The maximum positive or negative value of a waveform is called the 
value. 

5: A sine wave has a peak-to-peak value equal to__—_—_—___ times its peak 
value. 

6. Тһе effective or rms value of a sine wave equals  — times its peak 
value. 

7. The peak value of a sine wave equals times its rms value. 

8. The true average value of a sinusoid is : 

9. The amount of time required to complete one cycle is called the 

10. Thenumber of cycles per second is called ,andis the reciprocal 
ofthe 

11. То convert frequency i in Hz to radian frequency, you multiply the frequency 
by 

12. 360644445: X radians. 


13. Зіпиѕоіаѕ can differ from each other in peak value, frequency, and/or 
14. Тһесшгепі i(t) = 6mA sin (314t — 60%) has: 


(a) A peak value of mA. 

(D) A peak-to-peak value of mA. 

(c) Anrmsvalue of _ mA. 

(d) Atrue average value of _ mA. 

(е) A radian frequency of _ rad/s. 

(| Afrequencyof — Hz 

(g) A period of ms. 

(h) Aphase angle of degrees. 

(i) А frequency domain representation of —  . тАаї 
degrees. 


15. ІП-16А/-30%лһеп ()- ^ ^ assumingw = 300 rad/s. 


Refer to Figure 3-15 for the following questions. 


1000 rad/s 





Phasor diagram for question 16 


16. V,hasaphase angle of 
17. Veghasaphase angle of 


18. М, 


LLL. Va by 


Answers 


о (Бе) БҮ} рй ee [Ыса 


риге 
pulsating 

AC 

peak 

two 

0.707 

1.414 

Zero 

period 
frequency, period 
2T 

2m 

phase 


JIa = ооо сә 
— xw МУ М ҺЫ — 


— — — — — а c 
— 


(i) 
22.624 sin (300t — 30*) 
— 45? 

120° 

lags, 165° 


6mA 

12mA 

4.242mA 

0 

314 

50 

20 

— 60° 

4.242mA at — 60° 
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The solutions to questions 14 to 18 follow. 


14. i(t) = 6mA sin (314t— 60?) This is a sinusoid of the form Im sin (wt + 
0). Therefore: 


(a) 1, = Im = 8mA 

(b) lpp = 21. = 2 (6mA). = 12тА 

(C) «s = 0.707 (Im) = 0.707 (6mA) = 4.242тА 

(d) Vavg = Osince the true average value of a sinusoid is zero. 
(e) 


From the equation o = 314 rad/s 











(h) From the equation 0 = — 60° 
(i) l=kme£0 = 4242 А1. - 60° 


15. 1=16AL — 30°, о = 300 rad/s 
Im = 1.414 lms = 1.414 (16А) = 22.6244 
(4) = 1. sin (ot + Ө) 
(4) = 22.624 sin (300t — 30°) 


16. In Figure 3-15, the angle between V, and the horizontal axis is — 45°. 
Thus, the phase angle is — 45°. 


17. |n Figure 3-15, the angle between \ and the horizontal axis is 120° . 
Thus, the phase angle is 120°. 


18. In Figure 3-15, V, lags Vs. Since the angle betweenV, and V2 is 120? 
+ 45° or 165°. This is the amount by which V, lags Vo. 
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REACTANCE AND IMPEDANCE 


In Unit 2, you learned that capacitors oppose voltage changes, and inductors 
oppose current changes. For this reason, the effects of capacitance and induc- 
tance in DC circuits were significant only during the time the voltages and currents 
were changing from one value to another. In AC circuits, the currents and voltages 
are continually changing in a sinusoidal manner. For this reason, both capacitors 
and inductors oppose the flow of AC current. The opposition to the flow of AC 
current by a capacitor or inductor is called reactance. 


As you will see, reactances are described by imaginary numbers. In circuits con- 
taining both resistance and reactance, the total opposition to the flow of AC current 
is called impedance. Since resistance is represented by a real number, and 
reactance by an imaginary number, impedance is represented by a complex 
number. Also since resistance, reactance, and impedance all oppose the flow 
of AC current, each quantity is expressed in units of ohms. 


Capacitive Reactance 


The opposition to the flow of AC current by a capacitor is called capacitive 
reactance. By using calculus, we can show that the capacitive reactance of a 
capacitor is given by: 


Xx d s (Cai 





where X. = capacitive reactance in ohms 
w = radian frequency in rad/s 
С = capacitance іп Farads. 


Notice that capacitive reactance is described by an imaginary number. 
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Example 3-8 
Calculate the reactance of a 2uF capacitor at a frequency of 
1kHz. 
xe eines zi sacs: blan 
eC = 2т(103(2х10-% ^ 12.56x10- 


In a purely capacitive circuit, a modified form of Ohm's law is used to calculate 
voltages and currents, specifically: 


==: 
^к Жз 


Normally, the values of | and V used in Equation 3-13 are rms values as illustrated 
by the following example. 





and Ve = 1.Х, (Eq. 3-13) 


Example 3-9 


A 2uF capacitor is driven from an AC current source i(t) where 
i(t) — 178.2mA sin 6280t as shown in Figure 3-16A. Calculate 
the voltage across the capacitor. Also sketch the time and fre- 
quency domain responses. 


This example introduces the general method you will use to analyze AC circuits. 
This method includes the following steps: 


1. Convert the given problem from the time domain to the frequency 
domain. To do this, you express all sources as phasors and, using 
j notation, calculate the values of all reactances in the circuit. 

2: Solve the frequency domain circuit for the desired responses. 

3. Convert the frequency domain responses obtained in step 2 to time 
domain expressions. 


Applying this procedure to the problem at hand: 


1. i(t) = 178.2mA sin 6280t 
lms = 0.707 (178.2mA)LO* 
lms = 126mALO? 


X= = = = —17960 


Figure 3-16B illustrates the frequency domain circuit. 
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i(t) = 178.2mA sin 6280T C e 2uF A 


TIME DOMAIN CIRCUIT 


1*126тА 2 0° Xc*-i79.60 В 


FREQUENCY DOMAIN CIRCUIT 


Figure 3-16 


Thetime and frequency domain circuits for Example 3-9 
A Timedomaincircuit 
B Frequency domaincircuit 


In Figure 3-16B: 


=1X, 

= 126mALO* ( -j 79.60) 
126тА10%(79.60/- 90°) 
c = 10V rmsL – 90° 


ORO 
ЕШ! 


о 


у 
V 
V 
V 
velt) = Vin sin (wt + 0) 


Since the voltage calculated in step 2 is an rms voltage, you must multiply 
the calculated value (10V) by 1.414 to obtain the peak value (Vm). 
Vin = 1.414. (10V) = 14.14V 


Therefore v,(t) = 14.14 sin (62801 — 90°) 
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v(t), i(t) 






*178.2mA 






A t 
! 
\ -178.2mA 
-M. 14V 
Nass 
TIME DOMAIN RESPONSES 
lc a 126mA 
B 


Vc = 10V 


PHASOR DIAGRAM 


Figure 3-17 


Time and frequency domain responses for Example 3-9 
Notethatthe currentthrough the capacitor leads the voltage across 
the capacitor by 90°. 

A Timedomainresponses 

B Phasordiagram 
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Figure 3-17A illustrates the time domain responses. Similarly, the frequency do- 
main responses are illustrated by the phasor diagram in Figure 3-17B. In both fig- 
ures, notice that the current through the capacitor leads the voltage across the 
capacitor by 90°. You should memorize this important relationship between 
capacitor current and voltage. 


Inductive Reactance 


The opposition to the flow of AC current by an inductor is called inductive reac- 
tance. Theinductivereactance of a inductor is given by: 


X.=jol (Ед.3-13) 


where X, = inductive reactance in ohms 
о = radian frequency in rad/s 
L — inductance in Henries. 


As was the case with capacitive reactance, Equation 3-13 indicates that inductive 
reactance is also described by an imaginary number. In a purely inductive circuit, 
the following modification of Ohm's law is used to calculate voltages and currents. 


IL — Мі and VL ES l XL 
XL 
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vit)#11.3 біп 800t (ғ) it L-5mH 


TIME DOMA IN CIRCUIT 


8V L 0° (n) І X, *j40 


FREQUENCY DOMAIN CIRCUIT 


Figure 3-18 


The time and frequency domain circuits for Example 3-10 
А Timedormain circuit 
B Frequency domain circuit 
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Example 3-10 


A voltage source v(t) — 11.3 sin 800t is connected across a 
5mH inductor as illustrated in Figure 3-18 А. Calculate the cur- 
rent flowing through the inductor. Also sketch the time and 
frequency domain responses. 


First, convert the problem to the frequency domain. 


v(t) = 11.3 sin 800t 
Vrms = 0.707 (11.3V)LO? = 8VLO* 


X, = јо = j (800) (5x 1079) = |40 


The frequency domain circuit is illustrated in Figure 3-18B. 


Next, solve for the frequency domain current. 


[= —=— =——— = ————— = 2А 5 90° 
Now convert the frequency domain current to a time domain expression. 


i(t) = Im sin (wt + 8) 
i(t) = 2(1.414) sin (800t — 90°) 
i(t) = 2.828 sin (800t — 90°) 
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Figure 3-18A and Figure 3-18В illustrate the time and frequency domain responses. 
Note that the voltage across the inductor leads the current through the induc- 
tor by 90°. This factis important; you should memorize it promptly. 


Impedance 


When both resistive and reactive components are present in a circuit, each opposes 
the flow of AC current. The total opposition to the flow of AC current is called impe- 
dance. In its most general form then, Ohm's law may be modified as follows: 


|= + v=1ZZ= (Eq. 3-14) 


E 
] 
As was the case with DC circuits, Оһт 5 law applies to the entire circuit, as well 
as to a portion of the circuit. As a matter of fact, virtually all of the analysis techniques 
used in DC circuits — voltage and current division, superposition, Thevenin’s 
theorem, etc, — apply to AC circuits with one significant difference. 


In general the currents, voltages, and impedances in AC circuits are described 
by complex numbers. In DC circuits these quantities are described by real 
numbers. 


This is the reason complex numbers were discussed in detail in Unit 2. The following 
examples illustrate how to extend some of the techniques of DC circuit analysis to 
AC circuits. 


Example 3-11 


Figure 3-19A illustrates a series RC circuit. Calculate the cur- 
rent through, and voltage across, the resistor and capacitor. 
Also sketch the time domain responses and a phasor diagram. 


Converting to frequency domain notation, you obtain: 


v(t) = 14.14 sin 6280t 
V = 14.14 (0.707)L0° 
V = 10VL0° 


X= пб ^ 5280000398)10-5 7 TiS 


Figure 3-19B illustrates the frequency domain circuit. The total impedance. Z7. 
as seen from the source is: 


Zr = R -jX 
Zr = (8k —]4К)О 





AC Circuit Analysis 3-39 





0.0398yuF 


v(t-14.14 sin 62801 itt) Ко А 


TIME DOMAIN CIRCUIT 


-j4kQ 


10V & 0° | XQ 0 B 


FREQUENCY DOMAIN CIRCUIT 
Figure 3-19 
Time and frequency domain circuits for Example 3-11 


A Timedomain circuit 
B Frequency domain circuit 


Converting to polar notation: 


4kQ 
E 2 3. ue 
Zr = V(3k)? + (4K)? — Larctan ЗЕ 


Zr = 5КО 1 – 53.13° 


Тһив, 


у 10VLO* А 
| = T = “501-5313 = 2тА 153.13 


Ма = ІВ = 2mAL53.13° (3kQ) = 6V L53.13° 
Ус = IXc = 2тА /53.13° ( - j4kQ) 


= 2mA /53.13°(4КО/ — 90°) 
= 8V L – 36.87° 
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Converting the frequency domain responses to time domain expressions, you ob- 





tain: 
i(t) = Imsin(wt + 6) 
i(t) = 2тА (1.414) sin (6280 + 53.13°) 
i(t) = 2.828mAsin(6280t + 53.13°) 
ун() = Vmsin (wt +6) 
ун() = 6(1.414) sin (6280t + 53.13°) 
va(t) = 8.484sin(6280t + 53.13°) 
v(t) = Vmsin (wt + 6) 
velt) = 8(1.414) sin(6280t — 36.87”) 
v(t) = 11.312sin(6280t – 36.87°) 
vit) v(t, iO 
14. 14V 
2.828mA 
A t t 
-14. 14V 
SOURCE VOLTAGE RESISTOR VOLTAGE AND CURRENT 
volt) 
11. 312V 


Figure 3-20 


Time domain responses for Example 3-1 1 
A Sourcevoltage 
B Resistor voltage and current 


с -11.312V C Capacitor voltage 
36.87? 





CAPACITOR VOLTAGE 


The time domain responses are illustrated in Figure 3-20. Similarly, Figure 3-21 il- 
lustrates the phasor diagram. In both Figure 3-20 and Figure 3-21, you should note 
the following: 


1; The voltage across the resistor is in phase with the current flowing 
through the resistor. In AC circuits, resistor voltage and current are al- 
ways in phase with each other. 
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Figure 3-21 


Phasor diagram for Example 3-11 


2. The current flowing through the capacitor leads the voltage across 
the capacitor by 90°. Since the resistor voltage is in phase with the 
current, the voltage across the resistor also leads the capacitor voltage 
by 90°. 


3. The phasor sum of the resistor and capacitor voltages equals the 
source voltage. This is illustrated graphically in Figure 3-21 by the 
fact that Ут is the diagonal of the rectangle formed by Vg and Vc. 
You can also demonstrate this mathematically by employing the rules 
provided in Unit 2 to add complex numbers, since phasor quantities 
are described by complex numbers. Specifically: 


Va + М =? 
6V L53.13° + 8V L- 36.87° = ? 


Converting to rectangular notation, you obtain: 


(6 cos 53.13° + |6 cos 53.13°) + (8 cos - 36.87° + |8 cos - 36.87°) = ? 
(3.6 + j4.8) + (6.4 – j4.8) =? 
(3.6 + 6.4) + j (4.8 — 4.8) = ? 
10 + j0 = 10V LO? which equals Ут! 
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4. An angle exists between the applied voltage, Ут, and the current, |. This 
angle is called the circuit phase angle. As you will see, the circuit phase 
angle is important for determining how much power the source supplies 
to the circuit. 


Example 3-12 
Figure 3-22A illustrates an elementary series parallel AC circuit. 


(a) Using series-parallel techniques, calculate the current 
through and voltage across each component. 


(b) Illustrate how the principles of current and voltage divi- 
sion may beapplied to the circuit. 


(a) 70.7 sin 37704 = 70.7(0.707) 10° 
= 50V [0° 


X, = іші = j(3770) (1.33) (10-3) = |50 


Ес y= у Ж, 
Xc- SG = 7377005650105) 7 71100 


Figure 3-22B illustrates the frequency domain circuit. To simplify your notation you 
can define each branch impedance as follows: 


Z, = |50, 22 = 100, and Zs = -|100 
Note that Z2 is in parallel with 23. Thus: 


210(-й0) _ (-j100) (10+ј10) 
10-j10  (10-j10) (10+ј10) 


_ _~j?1000-j1000 _ 1000 —j1000 
= 102+ 102 = 200 


22]2з 





-(5-|5)0 


In polar form: 


22123 = V 5? + 5? — Larctan 5/5 = 7.070. L — 45° 
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1.33пН 


26. SUF 
70.7 біп 3770 100 


TIME DOMAIN CIRCUIT 


-|100 
50V ё 09 





FREQUENCY DOMAIN CIRCUIT 


Figure 3-22 


Time and frequency domain circuits for Example 3-12 
A Time domain circuit 
B Frequency domain circuit 
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A 50v 409 





B 
10|| -jl0= (5-ј5)0 
-------ӛі» 
IT 
С 50v 40° 71-50 
Z 779 + j0Q 
Figure 3-23 


Reducing the circuit in Figure 3-22B by series- 
parallel combinations 
А Original circuit 
В 10||-j10 = (5 –ј5)0 
С Z1-5-«jon 


Z4 is in series with the parallel combination of 22 and Z3 as shown in Figure 3-23. 
Thus: 


Zr 724 +22||2з 
2т= |5 + (5 – ј5)=5 +ј0=50 
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In Figure 3-23C you can see that: 


V _ 50VLO à 
n.o = “ALO” ^ 10A LO 
In Figure 3-23B, it is obvious that I; flows through Z, and the equivalent impe- 
dance of Z; || Za. Therefore: 


Vz, = 142, = 10A [0° (j50) 
= 10A [0° (50 190°) 
= 50V 190° 


Similarly, the voltage across the (5 — |5)О equivalent impedance is: 
10A LO*(5 – |5)0 


10A L0°(7.0729 L — 45°) 
70.7V L 45° 


Уг,12, 


ШЕ! 


The voltage across the (5- |5)О equivalent impedance in Figure 3-23B is the 
voltage across Zə and 23 іп the original circuit. Therefore, 


Vz,7 Vz, =70.7V L- 45° 


70.7У1-45% а 
ъ= Tip = 70741-45 

70.7/1—45° 170.7У1-45% А 
z,- — ur Tena 97А 


Converting the calculated responses to time domain expressions, you obtain: 


(0 0 (1.414) sin (3770t + 0°) 


4.14 sin 37701 


-.-Г 


v(t) = 50(1.414) sin(3770t+ 90°) 
= 70.7 sin (3770t+90°) 

it) = 7.07(1.414) sin (3770t — 45°) 

10 sin (3770t — 45*) 


va(t) = 70.7(1.414) sin (3770t — 45°) 
= 100sin(3770t— 45°) 


ic(t) = 7.07 (1.414) sin (37704-- 45°) 


= 10sin(3770t+ 45°) 


vc(t) = ун(1) = 100 sin (3770t — 45°) 
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lo=7. 07A 
С 








Ғідиге 3-24 


Phasor diagram for Example 3-12 


The phasor diagram for the circuit is easy to sketch from the frequency domain cal- 
culations, and is illustrated in Figure 3-24. Note that the phasor sum of the inductor 
voltage and resistor voltage, and the phasor sum of the inductor voltage and the 
capacitor voltage equals the source voltage. Also note that the phasor sum of the 
resistorcurrentandcapacitorcurrent equals the inductor current. 
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(b)  Toillustrate the current division principle, refer to Figure 3-23A. 


lr: Za 


Int усу, 





From part (а) you know Iz = 10А /0°, Z2 = 100, апа 2з = —-j100. Therefore: 


" 10A LO? (—j10Q) % 10A LO*(10L — 90%) 
(10-|100 V10?+ 10? — Larctan 10/10 


. 10AL0°(10L – 90°) 


v INEST M Mile 


Similarly for lc 


1:22 10A LO*(10 LO?) А 
= = = f. 4 
le 22%23 14.141 – 45° ТАБ 





To illustrate the voltage division principle, refer to Figure 3-23B where V = 
50V 10°, Z4 = |50, апа2 |23 = 5-|50. Thus: 


ja V (Zu) _ 50У102|50 
^ "Z-*(Zz3  j50-(6-j90 
Vz, = EW ARGEN, = (5190 ) . 50У 190° = VL 
Similarly for (Z2 || Za) 
V(Z2 || Z3) 50V LO*(5 – ]5)О 
Vz, |2, uo -——r— A-- —P саа 
Z + (Zal| Z3) |Б0--(5-|50 
= 50V Lo°V52 + 52— Larctan 5/5 
i 510° 
50V L0°(7.07 L — 45°) 


кошсо ыша = ИЕТ СЕ V лү 
510° ы: 


Ехатріе 3-13 


Use Thevenin's theorem to calculate the capacitor current in Ex- 
ample 3-12. 
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|50 А 
А 50V 0? шо -109 
В 
ORIGINAL CIRCUIT 
À A 
B a 
“ің 
Ё В 
С 50у /0° 
SOLVING FOR VTH 
A 
(2*j4)Q 
44. 72V -j100 
D /-26.56° 
B 


THEVENIN EQUIVALENT 


Figure 3-25 


Using Thevenin's theoremto calculate the capacitor current 
for Example 3-13 
A Original circuit. 
B Solving for Zr 
C Solving for Утн 
D Thevenin equivalent 
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To calculate ?тн, you remove the load and reduce the voltage source to zero as 
shown in Figure 3-25B, Thus: 


-v-- wis eMe. "el mis 
mcd ou = uomen vts С ШЕН 
_ —f50-j500  250«j500 ,.. 
n Ст a aps гаги 


To calculate Утн, you remove the load and determine the open circuit voltage as 
shown in Figure 3-25C. Applying the voltage division principle, you obtain: 


50V LO*(100) 5000 
VH = _ —— = OO 
(10+j5)0  v1īo?+5?Larctan5/10 
Ус E ES 


11.18 L26.56° 


Figure 3-25D illustrates the Thevenin equivalent circuit with the load connected. 
Thus: 


|. 44.72М1-26.56: 44.72У1.-26.56% 

g= (2+j4-j10)Q (2- |6)0 

ra 44.72N L- 26.56" _ 44.72V L—26.56° 
М2? + 6? – Larctan6/2 6.3201 — 71.56? 


1. = 7.07А 145° 


АС Ромег 


The basic formulas for computing power in DC circuits can be used in AC circuits 
ifthe values ofthe currents and voltages are rms values. Thus: 


2 
P-R -= = -IV — (Eq.3-15) 


where Р- powerin watts 
{= rmscurrentin amperes 
V= rms voltage in volts 
R= resistance in ohms. 
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In AC circuits, both current and voltage are continually changing in a sinusoidal 
manner. The instantaneous AC power is the product of the current and voltage at 
each instant in time. Figure 3-26 illustrates how instantaneous AC power changes 
with time in a purely resistive, capacitive, and inductive circuit. In each case, the 
instantaneous power varies sinusoidally at a frequency twice that of the current and 
voltage. In a purely resistive circuit, the current and voltage are in phase with each 
other. 


To obtain the instantaneous power curve in Figure 3-26A, you simply multiply the 
instantaneous current and voltage values and plot the resulting products. When a 
positive quantity (current) is multiplied by another positive quantity (voltage) the 
product is positive. Also, whenever two negative values are multiplied, the product 
is positive. For these reasons, the instantaneous power curve in a purely resistive 
circuitconsists of all positive values. 


The average power will also be positive as shown in Figure 3-26A. This average 
power equals the product of the rms values of current and voltage in the circuit. In 
purely capacitive and inductive circuits, the current and voltage are 90? out of phase 
with each other. At certain instants, the current will be positive and the voltage nega- 
tive and vice versa. At other instants, both the current and voltage are positive, or 
negative. 


For these reasons, the instantaneous power curves in purely capacitive and induc- 
tive circuits consist of both positive and negative values as shown in Figure 3-26B, 
and Figure 3-26C respectively. Note that the positive and negative portions of the 
instantaneous power curves in a purely capacitive and inductive circuit are equal. 
Thus, the average power dissipated by an ideal capacitor or inductor is zero. 


The point to remember here is that only resistance dissipates power. When you 
are computing the power in an AC circuit containing capacitors or inductors, simply 
determine the circuit resistance and either the current through that resistance 
or voltage across it, and then use the power formulas given in Equation 3-15. 


R 
RESISTIVE 
C 
CAPACITIVE 
L 
INDUCTIVE 











PAvc* VRMSIRMS 





. É 


Рус * 0 
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A 
10v rms (^J 2mA ЗКО 6V rms 


CIRCUIT 





PHASOR DIAGRAM 


Figure 3-27 


The circuit and phasor diagram from Example 3-11. See the text for 
a discussion of AC power calculations. 
A Circuit 
B Phasordiagram. 


Example 3-14 


Figure 3-27 summarizes the results of Example 3-11. Calculate 
the total power delivered by the source to the circuit. 


From the discussion of AC power given previously, you know that only the resis- 
tance in Figure 3-27A dissipates power. Thus, you can use the power formulas 
givenin Equation 3-15 to compute the power supplied by the source to the circuit. 
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Р = 2А -(2тА)2 (3kQ) = 12mW 


ШМ к 
== 


Р =1У = 2тА(6У) = 12mW 


R = 12mw 


As you can see, each formula predicts the same amount of power. In circuits con- 
taining two or more resistors, the total power supplied by the source to the circuit 
equals the sum of the powers dissipated by each resistor. It is also possible, and 
often easier, to calculate the power delivered by a source to a circuit from the for- 
mula: 


Р=\тїтсоз6 (Еа.3-16) 


where Р = powerin watts 
Vr = rms source voltage in volts 
lr = rms source currentin amperes 
COS0 = cosine ofthe circuit phase angle 


Recall that the circuit phase angle is the angle between the source voltage and cur- 
rent. The cosine ofthe circuit phase angle is called the power factor. 


Example 3-15 


Use Equation 3-16 to calculate the total power delivered by the 
source to the circuit in Figure 3-27. 


In Figure 3-27B you can see that the circuit phase angle is 53.13?. Thus: 


Р = Ут 1тсоѕе 
Р = 10V (2mA) cos 53.13° = 12mW 


Since only resistance dissipates power, this is also the power dissipated by the ЗКО 
resistor in Figure 3-27A. 


In Unit 1, you learned that a DC circuit, or source, delivers maximum power to a 
load when the load resistance equals the Thevenin resistance of the circuit, or 
source. In AC circuits, the condition for maximum power transfer is complicated by 
the fact that most AC sources have Thevenin equivalent impedances rather than 
resistances. With calculus, itis possible to prove the following: 


1: For a purely resistive load, an AC source delivers maximum load power 
when the load resistance equals the absolute value of the Thevenin im- 
pedance of the source. Thus, В, = VRH? + Хан for maximum power 
transfer. 


2. If the load is an impedance maximum, power transfer occurs when the 
load impedance is the conjugate of the Thevenin impedance. 
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PRL *VRTH? + Хтң? 





RESISTIVE LOAD 


ZTH 





COMPLEX LOAD 


Figure 3-28 


Maximum power transfer theorem for AC circuits 
А Resistive load 
В Compiexioad 


Figure 3-28 illustrates the maximum power transfer theorem for AC circuits. 
Example 3-16 


An AC source has a Thevenin impedance of (3 + j4)(2. What 

value of load impedance is required for maximum power trans- 

fer for: 

(a) A purely resistive load? 

(b) A complex load? That is, a load that has both resistance 
and reactance. 


(а) я = VR +X = V(3? +(4)? = 50 
(D) д4 = ?тнбіпсе?тн = (3-|4)02, = (3—]4)0 
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v(t) * 28.28 sin 4000t i(t) 2mH 


B 
Figure 3-29 


Circuit for questions 191031 


Self-Test Review 


19. 


20. 


The opposition to the flow of AC current by a capacitor, or inductor is 








called —— If. is the total opposition to the flow 
of AC current. 
Resistances are represented by | 1 1. numbers, reactances by 


numbers, and impedances by _______ numbers. 


Refer to Figure 3-29 for questions 19 through 31. 


21. 


22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 


32. 


The frequency domain representation of the source voltage is. . V, 
[________аедгееѕ. 
The inductive reactance ofthe 2mH coilis ——— .— ohms. 
In rectangular form, the impedance Zag equals —— — — ohms. 
In polar form, the impedance Zagis  — 8—  .,L. ^. ~ degrees. 
The phasor currentis ———  .A,L д degrees. 
The resistor voltage is ———— ~ МІ degrees. 
The inductor voltage is д  V,L. degrees. 
The power dissipated by the 60 resistor is —— W. 
The circuit power factoris ——— . 
The total power delivered by the source to the сігсийіб- — W. 
The time domain expressions for the current, resistor voltage, and inductor 
voltage are: 
ca um 
vn(t) = 
y(t) = 
A voltage source has а Thevenin impedance of (2—j7)0. For maximum 
power transfer, the load impedance equals... ohms. In the case of 
a purely resistive load, the load resistance should equal _______ ohms for 


maximum power transfer. 


3-56 | ОМІТ ТННЕЕ 


А 


20A / 30° 1 30 140 


QUESTION 33 


100V 4 60° 





QUESTION 34 
Figure 3-30 


Circuits for questions 33 and 34 
A Question 33 
B Question 34 


33. Refer to Figure 3-30A.The current through the 30 resistance is 


A,L—— — ~ degrees. 
34. Refer to Figure 3-30B. The voltage across the |40 reactance is — 
УІ .. degrees. 


Answers 


19. reactance, impedance . 24W 

20. real, imaginary, complex . 0.6 

21. 20V,L0° . 24W 

22. |80 . Wt) = 2.828 sin (4000t — 53.13?) 


23. (6-|8)0 vn(t) = 16.97 sin (4000t — 53.13?) 
24. 100,L53.13° ve(t) = 22.62 sin (4000t + 36.87?) 
25 2А, 534137 . (2--17)0,7.280 

26. 12V,L—53.13° . 16А166.872 

27. 16V,L36.9° . 80У196.872 
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The solutions to questions 21 through 34 follow: 
21. У = 0.707(28.28) 10° = 20V LO? 

22. X,-jeL = j(4000) (2х 1073) =ј80 

23. Zas =R+jX_ = (6+j8)0 

24. Zas = V 6^ 8 Larctan 8/6 = 100 L53.13* 


V 20V 10° к 
25. i= 22: 10015315 = 2AL – 53.13 


26. Уд-ІН-2А1-53.13%60) = 12V – 53.13° 


27. М = |X. = 2AL—53.13° (j8) 
= 2L—53.13°(8L90°) 
= 16V L36.9* 


28. р =1,,.2R = (2А)2(60) = 24W 


29. pf = cos@ = cos – 53.13° = 0.6 


30. Only the 60 resistor dissipates power. Therefore, the source supplies 24W 
to the circuit. If you prefer, you can use Equation 3-16 to calculate the power 
supplied to the circuit. Thus: 

Рт = Утітсо560 = 20V (2A) (0.6) = 24W 


31. Since the currents and voltages calculated previously are rms values, you 
must convert them to peak values, and then employ the general equation for 
asinusoid. Therefore: 

i(t) = 1.414 (2) sin 40004 = 2.828 sin (4000t — 53.13?) 
vn(t) = 1.414 (12) sin 4000t = 16.97 sin (4000t — 53.13) 
v_(t) = 1.414 (16) sin (4000t + 36.9?) = 22.62 sin (4000t + 36.9) 
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To help you visualize the responses, Figure 3-31 illustrates the time and frequency 
domain sketches. 


32. 


33. 


34. 


Zr = (2-|7)0. For maximum power transfer ZL = 2тн = (2+j7) Q. 
For a purely resistive load RL = VRH +Xm = У(2)2+ (7)? = 7.28 
Q 


Employing the current division principle: 


= pa КАП. 
la = 20A L30 (5-40 
(4 190°) 


ін = 20A L30 `5153.13° 


i, = 801120° 
^^ 5153122 


= 16AL66.87* 


Employing the voltage division principle: 
м, = 100у160° 0 


(3+]4)О 

E . (4190°) 

М. = 100VL60° тет 
м, = -MOOLIS0 _ 06,875 


5153 13° 


AC Circuit Analysis | 3-59 


it) vg 





|= -2.828А 


2252559. 53:139 





CURRENT RESISTOR VOLTAGE 


vut) 





INDUCTOR VOLTAGE 


TIME DOMAIN RESPONSES 





PHASOR DIAGRAM 
Figure 3-31 


Time and frequency domain sketches for the circuit in Figure 3-29 
A Timedomain responses 
B Phasordiagram 
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SELECTED AC TOPICS 


Since capacitive and inductive reactance change with frequency, AC circuits with 
capacitors and /or inductors exhibit a number of characteristics not found in DC, or 
purely resistive AC circuits. In this section we will review the phenomenon of reso- 
nance, and introduce Fourier's theorem. This material will be useful when we dis- 
cuss some of the differences between ideal and actual circuit components in Unit 
4. In addition, you will use the concepts of Fourier's theorem to design power supply 
smoothing filters in Unit 5. 


Series Resonance 


Figure 3-32A illustrates a series RLC circuit. At any frequency, the impedance 
of the circuit is: 


Z-Rs-^jXV;-jXc (Е@.3-17) 


In polar form: 
Z = УВѕ +(Х,—Хс)° L8 (Ед.3-18) 


хх 
where 8 = circuit phase angle = arctan (Хо) 


The relationship between В, X,, and Хс for the series RLC circuit is indicated 
by the vector diagram in Figure 3-32B. Similarly, Figure 3-32C illustrates how 
the magnitude of X,, Xc, and Z vary with frequency. Resonance is defined as 
the frequency at which the circuit phase angle 0 is zero degrees. For the series 
circuit, this condition occurs when the magnitude of the inductive and capacitive 
reactances are equal. By equating 2nfL to 1/2т1С and solving for f, you obtain 
a formula that indicates at what frequency resonance occurs. Specifically: 
jp ИЕЫ РЈ 
25 VLC VEG 





А 


C Circuit Analysis 3-61 





ХІ 
Rs 
^ АЕ 
KC 
XC 
B 
SERIES RLC CIRCUIT VECTOR DIAGRAM 
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IMPEDANCE VERSES FREQUENCY 


Figure 3-32 


The series RLC circuit 
Series RLC circuit 
Vector diagram 
impedance verses frequency 


оор 


The subscript “o” simply indicates this is the resonant frequency. Equation 3-19 can 
be rearranged to indicate the value of capacitance required to resonate with a par- 
ticular value of inductance, and vice versa.Thus: 


2 i Oz 
Leyo pe E0220) 
1 0.02533 


em ут кач) 
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SERIES RLC CIRCUIT 


аса 


B С D 
| 
R 
Rs ak 
Rs | 
f<fo f = fo ТЕЗ 
CAPACITIVE INDUCTIVE 
COMPLEXION RESONANCE COMPLEXION 
zu хе 5 i 
(X, -Xe) 
: я LXC " 
lz Ө = 0° 2 
(хе - XJ 
Figure 3-33 


Equivalent circuits for the series RLC circuit for frequencies below, at, 
and above the resonant frequency 

Series RLC circuit 

Capacitive complexion 

Resonance 

Inductive complexion 


ооо» 
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Figure 3-32C contains a great deal of information. By carefully examining Figure 
3-32C, you can deduce the following: 


1): For frequencies less than fo, Xc>X.. Thus, the net reactance is capaci- 
tive. For this reason, the circuit appears to the source to be a series RC 
circuit as illustrated in Figure 3-33B. This condition is described by say- 
ingthe circuit exhibits a capacitive complexion. 


2. For frequencies greater than fo, X, >Хс, resulting in a net inductive reac- 
tance as illustrated in Figure 3-33D. 


3: When the source frequency equals fo, X, = Xc. Consequently the net 
reactance is zero, making the impedance purely resistive, and equal to 
А, аѕ shown in Figure 3-33C. 


An important "figure of merit" that determines the characteristics of a resonant circuit 
isthe quality factor Qo, which is defined as follows: 





Qo = РШ (seriescircuit) (Eq. 3-22) 
5 


Note in Figure 3-32C that, for frequencies on either side of fo, the impedance in- 
creases rapidly. Thus the circuit responds well only to the narrow band of frequen- 
cies between the lower cutoff frequency f;, and the upper cutoff frequency fo. The 
band of frequencies between fa and f, is called the circuit bandwidth, BW. Note 
that at either f, or f2, the impedance has a magnitude of 1.414 Rg. This indicates 
the current flowing in the circuit at f4 or f2, has a magnitude of V/1.414 R, or 70.796 
of the maximum value of V/R,. In addition, the power supplied to the circuit at f4 or 
f2 is 5096 of the maximum value at resonance. An interesting relationship exists be- 
tweenthe bandwidth, resonant frequency, and quality factor. Specifically: 


BW= =Æ (Ед. 3-23) 
0 
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Figure 3-34 


Bandwidth decreases as Qo increases 


Thus, for a given resonant frequency the larger Qo is, the smaller the BW, and vice 
versa. In a series resonant circuit, Оо also indicates the factor by which the source 
voltage may be multiplied to obtain the magnitude of the inductor and capacitor volt- 
ages atresonance. Since at resonance: 


IM] = |М = 00У (Eq.3-24) 
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Exact equations for f, and fə are rather complicated. In most circuits, the following 
approximate formulas are adequate: 


BW 


fo~fo + > (Eq. 3-26) 


Example 3-17 


Figure 3-34 illustrates current-verses-frequency curves for two 
RLC series circuits. Note that each curve has the same resonant 
frequency and current value at resonance. Calculate the 
bandwidth for the circuits represented by each curve. Also, 
estimate the cutoff frequencies. 


For Оо = 25 


BW = dU 1kHz 


Qc 25 7 40 Hz 





fy = fo — 8и = 1kHz - 20 Hz = 980Hz 


f2 = fo + Ew = 1КН2 + 20Hz = 1020 Hz 
Similarly for Qo = 100 


fı = 1kHz — 5Hz = 995 Hz 
fa = 1kHz + 5Hz = 1005 Hz 


3-66 | UNIT THREE 


Example 3-18 


Calculate the value of C required for resonance in Figure 3-354. 
Also calculate the current and voltages across the various com- 
ponents. 


L = 2.5mH and fg = 31.8kHz. Thus: 


_ 0.02533 _ 0.02553 Е 
pes fL (318х10922.5х10-3) тоо 


Since the circuit is resonant, 2 = R4 = 500. Thus: 


V 10V 
2M _ 1 02A 
ans МЕЛ 


X, = іші. = (2т) (31.8 х 10°) (2.5x 1073) = |5000 


At resonance the magnitude of X, and Xc are equal. Thus Xc must equal —j5000. 
Since | = 0.2A we have: 


Ма = 0.2А10%(500) = 10V 
М, = 0.2А/0°(}5000) = 0.2A [0° (500 N L90°) = 100V 190% 
Vc = 0.2AL0°(—j5002) = 0.2A 10° (5009 L — 90°) = 100V L — 90° 


If you prefer, V, and Ус may be calculated as follows: 


Оў =з = З = 10 
М = |М = QoV = 10 (10V) = 100V. 


Naturally V, leads | by 90°, and Vc lags | by 90°. For this reason, the voltage across 
the series combination of L and C is zero. Figure 3-35B and Figure 3-35C sum- 
marize the various responses. In summary, the series resonant circuit has the fol- 
lowing important characteristics: 


le The impedance is purely resistive, minimum, and equals the series re- 
sistance, Rs. At resonance, the source voltage and current are in phase. 


2. Currentis maximum, and equals V/Rs. 
сі. The source voltage is dropped across the series resistance, Rs. 
4. М, and Vc are equal in magnitude, and 180° out of phase with each other. 


5: The magnitude of the inductor and capacitor voltages can be greater 
than the source voltage. 


500 
А 
10Vrms 
f 2 31. 8kHz 32. 5тн 
C 
CIRCUIT 


luv Ts 
500 


----- 
B 0. 2A 

10V 5 100V 

ay ov 5000 е 
-|5000 


100V 
4909 
FREQUENCY DOMAIN RESPONSES 


V, = 100V 


L 


Vg *V*10V — [= 0. 2А 


Vg = 100V 
PHASOR DIAGRAM 
Figure 3-35 


Circuit and frequency domain responses for Example 3-18 
A Circuit 
B Frequency domain responses 
С Phasordiagram 
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f< f ОЧ і>і; 

X € Xe rex. X, 7 Xe 
INDUCTANCE INFINITE CAPACITANCE 
RESISTANCE 
Figure 3-36 


Characteristics of an ideal tank circuit 
A Idealtank 
B Inductance 
C Infinite resistance 
D Capacitance. 


Parallel Resonance 


The parallel combination of a capacitor and inductor is called a tank circuit. An ideal 
tank circuit is illustrated in Figure 3-36A. The circuit is considered ideal because it 
does not have resistance. As before, resonance occurs when | X | = | Хе |. 
Thus, the formula for the resonant frequency fo is the same as it was for the series 
RLC circuit. At any frequency, the impedance ofthe circuit is: 


Їх (Хо) 
Z=jX_||-jXc= = Eq. 3-27 
ІМ|-ІХе хо (Ед ) 
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For frequencies less than fo, Xc^ X, . Consequently, the circuit exhibits an inductive 
complexion, which is just the opposite of the series circuit. To understand why this 


happens, assume that at some frequency less than fog, Xc = -—j100 and 
X, -|50.Тһив: 
j5Q(-j100) _ —]950 , 
> ens Spr о: 


As you can see, the circuit appears to the source to be an inductive reactance of 
100. 


Similarly for frequencies greater than fo, X, >Хс, causing the circuit to exhibit a 
capacitive complexion. For example, if X, = ј100 and Xc = —j50: 
100(—]50 -|250 ' 
x пос ^ cmm SAP 

As the source frequency approaches the resonant frequency of the tank, |Х, | ap- 
proaches the value of |Xc|. Thus, the denominator of Equation 3-27 approaches 
zero. This indicates that the impedance of the ideal tank is infinite at the resonant 
frequency, fo. As far as the source is concerned, it sees an open circuit. For this 
reason, the line current in Figure 3-36A is zero at the resonant frequency, fo. This 
does not meanthatthe inductor and capacitor currents are zero — since the source 
voltageis stillconnectedacross each component. At resonance then: 


ZraNk = cf) 


Ішме = 0 
ХЦ = |Xc| = X 
у v 7 
xor ese 
Vip ot ЖЕ 
== = x 180 


Since |, lags V by 90°and Ic leads V by 90°, 1, and |с аге 180° out of phase with 
each other. This means that when the current is flowing in one direction through 
L, an equal current is flowing in the opposite direction through C. Thus, the phasor 
sum of I, and Іс equal zero at resonance — which of course equals the line current. 
Incidentally, the current flowing through L and C is called the tank current. Figure 
3-36 summarizes the action of the ideal tank circuit. 
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By shunting the ideal tank circuit with a parallel resistance, Rp, you obtain the paral- 
lel НІС circuit shown in Figure 3-37A. Once again, the formula for calculating the 
resonant frequency, fo, remains unchanged. The quality factor, Qo, is defined as fol- 
lows: 

Re — 

Qo = ——— (parallel circuit) (Eq. 3-28) 

Хы 
Note that Qo is calculated differently for the parallel RLC circuit than it was for the 
series RLC circuit. 


Based upon our discussion of the ideal tank circuit, you can visualize the behavior 
ofthe parallel RLC circuit as follows: 


i When f«fo, X, <Хс, and the circuit acts like a parallel RL circuit as shown 
in Figure 3-37B. 


2. When ffo, X, > Xc, and the circuit acts like a parallel RC circuit as shown 
in Figure 3-37D. 


3. When f=fo, |X_|=|Xc|. Assuming an ideal inductor and capacitor, the 
parallel combination of L and C has infinite resistance and acts like an 


open circuit. Since Rp is in parallel with this open circuit the impedance 
of the circuit equals Rp as shown in Figure 3-37C. 


At resonance, a parallel RLC circuit exhibits the following characteristics: 
1: The impedance is maximum, and equals the shunt resistance Rp. 
2. Line current is minimum, and equals V/Rp. 
3. The entire source current flows through Rp. 


4. IL and Іс are equal in magnitude, and 180° out of phase with each 
other. 
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Figure 3-37 


The parallel RLC circuit 
Parallel RLC circuit 
Inductive complexion 
Resonance 
Capacitive complexion 


ооо» 


5. The magnitude of the inductor and capacitor currents сап be greater 
thanthe line current, since at resonance: 


Ш = [Ic] = Qo lune 
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10Vrms 
ia spl cite 5kQ 2.5mH 0. OluF 
Figure 3-38 


Circuit for Example 3-19 


Example 3-19 


Figure 3-38 illustrates a parallel resonant circuit. Calculate the 
current through each component, the quality factor, and 
bandwidth; and estimate the upper and lower cutoff frequen- 


cies. 


Since the circuit is resonant, 2 = Rp = 5КО. Thus: 


V 10V 


lune = lg, = "RE Sk ^ 2mA 


X, 7 joL = j(27) (31.8 x 10°) (2.5 x 107°) = |5000 
At resonance |X, | = |Xc]. Thus Xc = - |5000. Since V = 10V we have: 


10V LO° 











һ = 15000. = 20mAL - 90° 
10V 10% 
с--- = 20тА L90° 
^ zjennn 
Rp БКО 
Оо = = o 0 
A P 5000 


If you prefer, |, and Іс may be calculated as follows: 
llc] = |IL| = Qol = 10 (2mA) = 20mA 
Naturally, |, lags V by 90°and lc leads V by 90°. 
— fo _ 31.8kHz = 
BW = a= cms 3.18kHz 


ffo — > = 31.8kHz - 1.59kHz = 30.21kHz 


fo=fo + > = 31.8kHz + 1.59КН2 = 33.39kHz 


Real inductors have resistance. The effects of such resistance will be considered 
in Unit 4. 
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Fourier's Theorem 


In the early 1800's, the French mathematician Jean-Baptiste Joseph Fourier disco- 
vered that complex periodic waves can be represented by the sum of a constant 
value and a harmonic series of sinusoids. Stated mathematically: 


v(t) = Во + В, cos wt + B2cos2ot + ---Bncosn ot 
(Eq. 3-29) 
+ А. біп ot + Agsin 2ot + ---An sinn ot 


where Во = average (DC) value of the complex wave 
B4, Bo,--B, = peak values of the cosine terms 
A4, Az,--An = peak values of the sine terms 


The term complex wave simply means that the waveform is not a sinusoid. Thus, 
square, sawtooth, and triangular waveforms are all examples of complex waves. 
The fundamental frequency is the frequency of the complex wave. Similary, the 
term harmonic series means that the frequencies of the sine and cosine terms are 
whole-number multiples of the fundamental frequency. For example, if a complex 
wave had a frequency of 1kHz, its Fourier representation might contain frequencies 
of 1kHz, 2kHz, 3kHz, and so forth. Frequencies like 500 Hz, 750 kHz, and 2.5 kHz 
could not be present, since they are not harmonics (whole-number multiples) of the 
fundamental frequency, 1kHz. 


A given complex wave does not necessarily contain every possible harmonic. 
Some complex waves contain only even harmonics, others only odd harmonics, 
etc. In addition, some complex waves contain only sine terms, while others contain 
only cosine terms. The point to be emphasized is that each complex wave is 
unique and, therefore, has a unique Fourier representation. 


The calculation of the various coefficients in Equation 3-29 is quite tedious and re- 
quires a sound knowledge of calculus. Fortunately, the Fourier series for many of 
the waveforms encountered in electronics are provided in most of the engineering 
reference books available at most libraries. Fourier's theorem may be stated more 
compactly with the following notation: 


v(t) = Bo + 2» (A,sinnet-B,cosnet) (Ед.3-30) 
п=1 


Тһе symbol > means summation. Thus, by substituting п = 1, 2, 3, and so forth into 
Equation 3-30, you obtain Equation 3-29. 
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Example 3-20 
Figure 3-39A illustrates the sawtooth waveform. For such a 
waveform: 
Bo A „В„ ~ 0, and An = an 
2 пт 


Similarly, the Fourier series is given by: 


f(t) = Bo — А, > sinnwt 


n=1 


Figure 3-39B illustrates a sawtooth voltage. Work out the peak 
values of the first five AC terms, the average voltage, and write 
an equation that describes the waveform. 


Since Bn = 0, the waveform contains only sine terms. 





ATA 

An = пт 

Therefore: 
А, = 31.4М/1(т) = 10V 
Аг = 314У/2(т) = 5V 
Аз = 31.4У/3(т) = 3.33V 
Ag = 31.4М/4(т) = 2.5% 
As = 31.4,/5(т) = 2V 

А 31.4% 


This is the average (DC) voltage. 


To write an equation that describes the waveform, you need to calculate the 
radian frequencies of each AC term. In Figure 3-39B, you can see that the period 
ofthe complex wave is 62.8ms. Thus: 





w= 2nf = 2т(15.9) = 100 rad/s 


Thus the fundamental radian frequency is 100 rad/s, the second harmonic 200 
rad/s, and so forth. Substituting the calculated values into Equation 3-29 yields: 


v(t) = 15.9 — 10 sin 100t —5 sin 200t — 3.33 sin 300t 
— 2.5 sin 400t — 2 sin 500t --- 
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f(t) 
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THE SAWTOOTH WAVEFORM 





f 3f 4f 5f 
FREQUENCY SPECTRUM FOR THE VOLTAGE IN B 


Figure 3-39 


The sawtooth frequency spectrum 
The sawtooth waveform 

A31.4V peak sawtooth voltage 
Frequency spectrum for the voltage in B 


OU» 


Figure 3-39C illustrates a convenient way of summarizing the characteristics of a 
complex waveform. The frequency spectrum of a complex wave tells you at a glance 
what frequencies are contained in a complex wave, and the amplitude of each com- 
ponent. 


3-76 UNIT THREE 








Self-Test Review 

35. An inductance of _______ is required to produce resonance with a 40·Е 
capacitor at 795 Hz. 

36. Ina series resonant circuit, R = 100, X, = |500, and Xc = - |500. The qual- 
ity factor Qo therefore equals 

37. Іп question 36, the magnitude of the inductor and capacitor voltages would 
equal. |.  . . V,ifthe source voltage was 20V rms. 

38. А parallel resonant circuit has Rp = 100КО, and X, = j2kQ. The circuit 
bandwidth equals ____ Hz assuming the resonant frequency is 1kHz. 

39. Inquestion38f,— .  . | | Hz,andfa— Hz. 

40. Ina parallel resonant circuit when [X, | > |Xc], the circuit exhibits a — 
complexion. 

41.  Theseries-parallel circuit of Example 3-12 is in resonance because the circuit 
phase angleis — —— degrees. 

42. Refer to Figure 3-40. 


For the waveform shown, f(t) = 4A | sin n ot, and Bo = 0 





Figure 3-40 


Waveform for question 42 
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Using this information, sketch a frequency spectrum for a square wave whose 
peak voltage is 100V, and whose period is 0.318 seconds. Include the first 
eight harmonics. 


Answers 


1mH . 990, 1010 


5 . capacitive 
100V . Zero 


20Hz See Figure 3-41. 





The solutions follow. 


35. C = 4044F, fo = 795Hz Thus: 


_ 0.02533 — 0.02533 DET 
fic (795)2(40 x 10-5) 


36. Qo = |х; = 500/100 = 5 
37. № = № = QeV = 5(20V) = 100Vrms 
38.  Firstcalculate Qo. 

Qo = ВьХ,| = 100kQ/2kQ = 50 

BW = fyQg = 1kHz/50 = 20Hz 


39. f, = fp – BW/2 = 1kHz - 10Hz = 990Hz 
fo 7 0 + BW/2 = 1kHz + 10Hz = 1010Hz 


40. Since X, >Хос, the circuit exhibits a capacitive complexion, which is just the 
opposite of a series circuit. 
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42. First, calculate the fundamental frequency. 


1 1 
CT ^ 3818s = 3.14 Hz 


Next, calculate the peak values ofthe first eight sine terms: 











А, S000 572v t-3.14Hz 
1(т) 

д, ОРИ ӘСТЕ 
З(т) 

А А00) Е ОБИДУ bf азулы, 
5(т) 
4(100) 

_ = 18. =21. 
А, = “у -1817У 71 =21.98Hz 


A2, A4, and Ag are zero, since the waveform does not contain even harmonics. Fig- 
ure 3-41 illustrates the resulting frequency spectrum. 





f 3f 5f "f 


Figure 3-41 


Frequency spectrum for question 42 


AC Circuit Analysis | 3-79 


SUMMARY 


The following points summarize the key ideas of this unit. 


Periodic signals repeat their basic patterns after fixed intervals of time. Examples 
of periodic signals include pulsating DC and AC waveforms. The sinusoid is the 
most important periodic signal in electronics. For this reason, definitions were pro- 
vided for the following terms: peak value, peak-to-peak value, average value, rms 
value, period, cyclic frequency, radian frequency, and phase angle. The basic equa- 
tion for a sinusoid, v(t) = Vm sin (wt + 8), is called a time domain expression. Тһе 
equivalent frequency domain expression, V = Vis L0, is used to construct phasor 
diagrams. Such diagrams are useful when you wish to compare the phase angles 
oftwo or more sinusoids. 


Reactance is the opposition to the flow of AC current by a capacitor, or inductor. 
Reactances are described by imaginary numbers. Impedance is the total opposition 
to the flow of AC current, and is described by a complex number. The methods used 
to analyze DC circuits can be extended to include AC circuits by following the rules 
ofcomplex arithmetic provided in Unit 2. 


When calculating power in AC circuits, you must use the rms values of current and 
voltage. Ideal inductors and capacitors do not dissipate power. Thus the amount 
of power delivered by a source to the circuit is Утіт cose. The term cos is called 
the power factor, where Ө is the circuit phase angle. In order for an AC source to 
deliver maximum power to a load, the load impedance should equal the conjugate 
of the Thevenin impedance of the source. If the load is purely resistive, maximum 
power transfer occurs when В, = VHS + E 


AC circuits with capacitors and/or inductors exhibit characteristics that change with 
frequency. Resonance occurs at the frequency where the circuit phase angle is zero 
degrees. At resonance, the impedance of the circuit is purely resistive. Series and 
parallel resonant circuits have characteristics that are the opposite of each other. 
Thus, the quality factor of a series resonant circuit is defined as Qo = [X |/R, while 
in a parallel resonant circuit, Qo = Re/|Xel. 


In both series and parallel resonant circuits the value of the resonant frequency, fo, 
and the quality factor, Qo, determine the bandwidth since BW = fo/Qo. Fourier's 
theorem states that a complex wave is composed of an average value and a har- 
monic series of sinusoids. Given the Fourier series for a particular waveform, you 
can construct the frequency spectrum of the waveform. Such a diagram shows you 
what frequencies make up a complex wave, and their relative amplitudes. 
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UNIT EXAMINATION 


The following multiple choice examination is designed to test your understanding 
of material presented in this unit. Place a check beside the multiple choice answer 
(A,B,C, or D) that you feel is most correct. When you have completed the examina- 
tion, compare your answers with the correct ones that appear after the exam. 


1. Sinusoids can differ from each other in: 
A. Amplitude. 
B. Frequency. 
C. Phase. 


D. Amplitude, frequency, and/or phase. 


2. | ACcurrentchanges in 
A. Valueonly. 
B. Valueanddirection. 
C. Frequency and value. 
D. Бігесіопопіу. 


3. | = 10A L30? and o = 100 rad/s. Therefore i(t) equals: 
A. 14.14 sin (100t + 30°) 
В. 14.14 sin 100t 
С. 14.14 sin (10014 — 30°) 
D. 10sin(100t + 30°) 


4. v(t) = 6 sin(628t — 60°). In phasor notation: 
А. V=6L0° 
В. V=6L60° 
С БІ 60° 
D. V24.242L —60? 


8, A reactance of – ј150 is: 
A. Inductive. 
B. Capacitive. 
C. Resistive. 
D. Not possible. 


6. “тн = (3—)7.)О. For maximum power transfer, Z, equals: 
(3 + |7)0. 

В. (-3-17)0. 

CS S mo 

D. (3-j7)0. 


> 
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Refer to Figure 3-42 for questions 7 to 12. 


10. 


62 


v(t) = 141.4 sin 100t 80mH 


SERIES RL CIRCUIT 
Figure 3-42 


Circuit for questions 7 to 12 


The impedance of the circuit is: 
A. 130L0°. 
В. 10075313". 
GOOD] 59719 
О. 180436877. 


The rms voltage across the inductor is: 


A. 60V. 
B. 100V. 
C. 80V. 
D. 65V. 


The circuit power factor is: 


А. 0.8. 
В. 06. 
C. Unity. 
D. 0. 


The power delivered by the source to the circuitis: 


A. 1kw. 
В. O.6kw. 
C. 1.2kw. 


D. 0.567 kw. 


AC Circuit Analysis | 3-83 


11. What size capacitor should be connected in series with the inductor to pro- 
duce resonance? 


A. 1252.4 uF. 
В. 12.524 LF. 
С. 125.24 pF. 
D. Зоре: 


12. Assuming the capacitor in question 11 was in the circuit, the impedance 
of the circuit would equal: 


А. |80. 
B. 6- |80. 
С: 60455343 
D. 6О/0°, 
13. Aseriescircuithas Rs = 250, X, =ј1КО, and Xc = – ј1КО. Qois, therefore: 
A. 0.025. 
В: 625. 
С. 25. 
О. 40. 


14. Assuming fo = 800Hz, the bandwidth in question 13 is: 


А; 2iz: 
B. 400Hz. 
C. 20Hz. 
D. 800Н2. 


15. The formula for calculating Qo in a parallel resonant circuit is: 


А. |XJRe. 
B. Re/XJ. 
C. |Xc|/Re. 
D. |Х,|ДХс|. 
16. Whichisnotacomplex wave? 
A square wave. 
Asawtooth wave. 


A triangular wave. 
Авіпе wave. 


cogo» 
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17. A square wave has a frequency of 100Hz. The frequency of the seventh har- 


monicis: 
A. 700Hz. 
B. 100Hz. 


C. Not present. 
D. Afunction of Bo. 


16 Iff(t) = 10 + > cos n wt, the waveform: 
n=1 
A. Contains only odd sine terms. 
B. Contains only one cosine term. 
С. Is a sinusoid. 
D. Contains all cosine terms. 
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EXAMINATION ANSWERS 


1. О — Sinusoids can differ in either amplitude, frequency, and/or phase. 
2. В-- AC currents change in both value and direction. 


3. A— i(t) = lm біп (ot + 6). Since lms = 10А Im = 1.414 (10) = 14.14А. The 
phase angle 0 is given as 30°, and о as 100 rad/s. Thus, i(t) = 14.14 
sin (100t + 30°). 


4. D— V = Vms L0. Since Vm = 6V Vims = 0.707(6) or 4.242У. 0 is given as 
— 60?soV = 4.242V L — 60°. 


5. В-- Capacitive reactance is prefixed by a minus j term. Thus - |150 repre- 
sents a capacitive reactance. 


6. А - For maximum power transfer, ZL = 7тн. Since 2тн = (3 Ј7)0 ZL 
= (3-4j7)0. 


7. В-- First, calculate the inductive reactance. X, = jeL = j(100) (80 x 1073) 
= j80 Thus, Z = R + jX_ = 6+j8Q. Converting to polar form, you ob- 
tain: 

Z = V6? + 8 Larctan 8/6 = 100 153.13°. 


8. С — Converting the source voltage from peak to rms, you obtain V = 0.707 
(141.4) = 100V. 1 = V/Z = 100V L0°/100 L53.13? = 10А L — 53.13°. 
Thus V_ = IX, = 10AL — 53.13? (j8Q) 
V, = 10L —53.13?(8L90?) = 80V L36.87*. 
Therefore, the rms inductor voltage is 80V. 


9. В — The power factor is the cosine of the circuit phase angle. In this case, 
= =53.13°. 
Thus pf = cos — 53.13° = 0.6. 


10. В — Only the resistor dissipates power. Using rms values, you obtain Р = 
I?R = (10)2(6) = 0.6Куу. 


11. A — Since о = 100 rad/s, the frequency of the source is: 





22 522 _ 100 = 15.9Hz 
on 2т 
тй Се Mun г ш - 
fo^ L (15.9)^(80 x 10 7) 


С = 12524uF 
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12. 


13. 


14. 


15. 


16. 


17. 


18. 


D — Sincethecircuitis іп resonance, Z = R which equals 60 / 0°. 


D — For a series resonant circuit, Qo = |ХЦ/Н which equals 1k0/250 or 
40. 


C — BW = fy/Qg = 800Н2/40 = 20Hz. 
B — Ina parallel resonant circuit, Qo = Rp/x j. 


D — A complex wave is periodic but is not a sine wave. Complex waves are 
composed of an infinite number of sinusoids of various amplitudes and 
frequencies. 


A — A harmonic is a whole-number multiple of the fundamental frequency. 
Thus f; = 70 = 7(100Hz) = 700Hz. 
D — The summation symbol > indicates all harmonics are present. Since 
n=1 
only cos n wt appears in the equation, no sine terms are present in the 
series. 


Unit 4 


REAL CIRCUIT 
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INTRODUCTION 


All circuit components exhibit the properties of resistance, capacitance, and induc- 
tance. Specific components called resistors, capacitors, and inductors are designed 
to optimize one property while minimizing the other two. Given the large variety of 
components available, it is not always simple to select a specific type of resistor, 
capacitor, or inductor. 


In general, the choice of a particular type component should be based on the 
component's characteristics and those of the circuit in which it will be used. 
Consequently, cost, tolerance, availability, and reliability, are some of the factors 
that should be considered before a final choice is made. 
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UNIT OBJECTIVES 


When you have completed this unit, you should be able to: 


1: 


2: 


Calculate the resistance of a conductor at 20°C if the resistivity and 
dimensions of the conductor are given. 

Calculate the resistance of a conductor at any temperature if the conductor’s 
temperature coefficient and resistance at one other temperature are known. 
Define the following terms: tolerance, wattage, maximum working voltage, 
temperature coefficient, voltage coefficient, noise, preferred values, and hot- 
spot temperature. 

Compare the characteristics of carbon composition, wire-wound, and film 
resistors. 

Calculate the capacitance of a parallel-plate capacitor with various dielectric 
materials. 

Define the following terms: leakage current, insulation resistance, equivalent 
series resistance, quality factor, and dissipation factor. 

Compare the characteristics of mica, paper, glass, ceramic, plastic film, and 
electrolytic capacitors. 

State why equalizing resistors are used with series-connected electrolytic 
capacitors. 

Calculate the values of coupling and bypass capacitors. 

Calculate the inductance of a single-turn, air-core inductor. 

Calculate the inductance of a coil for various core materials. 

Distinguish between hard and soft magnetic materials. 

Explain how to minimize hysteresis, eddy-current, and flux-leakage losses. 
Convert the series equivalent circuit of an inductor to its parallel equivalent 
circuit. 

Calculate the resonant impedance of a practical tank circuit. 
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UNIT ACTIVITY GUIDE 


Read section on "Resistors." 

Answer Self-Test Review questions 1-15. 
Read section on "Capacitors." 

Answer Self-Test Review questions 16-29. 
Perform Experiment 4 in Unit 8. 

Read section on "Inductors." 

Answer Self-Test Review questions 30-40. 
Study Summary. 


Complete Unit Examination. 


a ЕЛ p DO EL eg eh ГЕ) 


Check Examination Answers. 
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RESISTORS 


Resistors are designed to introduce a specific amount of resistance into a circuit. 
Generally speaking, resistors are classified as either fixed, or variable. Additional 
classification is usually based on the manufacturing process used to make the 
resistor. Consequently, mostresistors are classified as composition, wire-wound, 
or film resistors. Naturally each type has its unique strengths and weaknesses. 


In this section, we discuss some of the important characteristics of the most popular 
resistor types. This discussion should help you in selecting an appropriate resistor 
type for a specific application. 


Resistor Basics 


The resistance of an ideal resistor would be constant. Changes in temperature, 
humidity, voltage, time, and so forth, would not change the resistance value at all. In 
addition, the ideal resistor would only exhibit the electrical property of resistance; 
capacitive and inductive effects would be nonexistent. 


Real resistors always contain some capacitance and inductance as illustrated by 
the equivalent circuit in Figure 4-1. At high frequencies, the reactances of the series 
inductance and shunt capacitance are significant enough that they can no longer be 
neglected. For this reason alone, the effective AC resistance of a resistor may be 
very different from its DC value. Interestingly enough, the equivalent circuit in Figure 
4-1 could also be used to represent a real inductor, or real capacitor. Naturally, the 
component values would be different depending upon whether or not the equivalent 
circuit represented a real resistor, capacitor, or inductor. 


Figure 4-1 


Simplified equivalent circuit for a physical resistor. 
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In the United States, wire diameters are measured in units of a thousandth of an inch 
called a mil. Similarly, a circular mil, CM, represents the cross-sectional area of a 
circular conductor whose diameter is one mil. Wire tables normally express the 
cross-sectional area of conductors in units of circular mils. 


The resistivity of a material is defined as the resistance of a sample of the material 
whose length is one foot, whose cross-sectional area is one circular mil, and whose 
temperature is 20°С. Thus, if you know the resistivity, length, and cross-sectional 
area of a conductor, you can calculate its DC resistance at 20°С from the following 
formula. 


PL 
Ң--- Ед. 4-1 
^ ( ) 


where В = resistance at 20°C in Ohms (О) 
L = lengthiffeet (ft) 
A = cross-sectional area in circular mils (CM) 
Р = resistivity in Ohm circular mils/foot (QCM) 


With real resistors, changes in temperature produce changes in resistance. For a 
given material, the amount of resistance change due to a change in temperature is 
indicated by the materials temperature coefficient of resistance, TC. Most 
materials have positive temperature coefficients — this indicates that resistance 
increases when temperature increases. Carbon is an example of a material that has 
a negative temperature coefficient. 
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The resistance of a material whose temperature coefficient is negative will decrease 
when temperature increases. Table 4-1 lists the resistivities and temperature 
coefficients for selected materials. Consequently, you can use Equation 4-1 to 
calculate the resistance of a conductor at 20°C. For other temperatures, you can use 
the following formula. 


R2 — В; [1 cu (t; —)] (Eq. 4-2) 


where R; = resistance in ohms at the higher temperature tp. 
В, — resistance in ohms atthe lower temperature t,. 
(2-4) = temperature difference — both t, and t; are in °C. 
а = thematerial's temperature coefficient of resistance. 














ЕЕ Resistivity 
Material Q CM/ft Temperature Coefficient 


17.0 


Table 4-1 


Material properties of selected substances. 










Real Circuit Components 


Example 4-1 
AWG # 22 wire has a cross-sectional area of 642.4 CM. Calculate 
the resistance of 100 feet of copper wire at 20°С, 100%С, and 
0. 


КЕШЕ А 642.4 


Since 100°C > 20°C, Н, = 1.6140,1, = 20°C, and t; = 100°C. Then: 


А, = В, [1 + a (15—1{)] 

А, = 1.614[1 + 0.00393(100-20)) 
В; = 1.614[1.3144) 

В, = 2.1210 


Similarly, since 20°C > 10°С, В = 1.6140, t, = —10?C, and t; = 20°C. Thus: 


1.614 = В, [1 + 0.00393 (20 - (-10))] 
1.614 = В, [1.1179] 


В, = 1614 - 14440 
1.1179 


Definitions 


When resistors, as well as other components, are discussed, you will often en- 
counter the following terms. 


Tolerance. The maximum allowable deviation from the nominal value. For example, 
а 1000 resistor whose tolerance is + 10% may have an actual value anywhere 
between 90€) and 1100. 
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Wattage. This refers to the maximum power a component can dissipate at a 
specified temperature without being destroyed, or changing its value. At temper- 
atures above the specified temperature, the power rating must be decreased. Man- 
ufacturers usually provide derating curves for this purpose. 


Maximum Working Voltage. This is the maximum voltage that can be placed 
across the component on a continuous basis. 


Temperature Coefficient. This indicates the amount of change in the component 
value due to changes in temperature. The temperature coefficient, TC, is usually 
expressed as a percentage change in the nominal value per ?C, or in parts per million 
(ppm) per *C. 


Example 4-2 


A resistor has a nominal value of 10k at 25°С, and a TC of 1 200 
ppm/C. Calculate the resistance at 150°C. 


1200 ppm = 1 200/1 000 000 = 0.0012 
Thus: 
1200 ppm/°C = 0.0012/°C 


The change in resistance, AR equals the TC times the change in temperature At, 
and the nominal resistance R,. Thus: 


AR = TC (AT) (А) 
AR = 0.0012 (150-25) (10k) 
AR = 1.5kQ 


The resistance at 150°C is, therefore: 


А + AR 


В = 
R = 10КО + 1.5КО = 11.5КО 
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Voltage Coefficient. This indicates the amount of change in the component value 
due to changes in voltage. The voltage coefficient, VC, is often expressed as a 
percentage change in the nominal value per volt. 


Noise is any undesired signal. The random motion of charges within all components 
produces noise that appears at the terminals of the component as a voltage. This 
Johnson, or white noise contains all frequencies and can be calculated by: 


М, = V4KTR (BW) (Еа. 4-3) 


where: V, = rms Johnson noise 
К = Boltzmann's constant = 1.38 x 10-23 
T = temperature in degrees Kelvin 
(“Қ = °С + 273) 
R = resistance of component (О) 
BW - bandwidth 


Equation 4-3 indicates that Johnson noise increases with temperature, resistance 
value, and bandwidth. Total noise includes Johnson noise plus all other sources of 
noise. 


Preferred Values. Component values are usually standardized to provide a logical 
progression of sizes. Standard values are preferred since non-standard values are 
considerably more expensive. Standard values differ from each other by a constant 
multiplying factor. 


Hot-Spot Temperature. The maximum temperature the component can be sub- 
jected to without damage, under zero power dissipation conditions. 


Fixed Composition Resistors 


Composition resistors are made by combining a conducting material, resinous 
binder, and filler to form the resistor body. The conducting material usually consists 
of carbon granules, although other materials may be used. Carbon composition 
resistors are inexpensive, available in a wide range of resistance values, and, until 
recently, were the most common type of resistor used in electronics. 
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Figure 4-2 illustrates the construction details of a typical carbon composition ~ 
resistor. Similarly, Table 4-2 summarizes typical characteristics of carbon 
composition resistor. Note in Table 4-2 the following non-ideal characteristics: 


Süitable for soldering and 
welding even after long 


periods in stock. 


SOLDER COATED LEADS 






spots". 


PERMANENT COLOR 
CODING 


Bright, baked on colors are 
highly resistant to solvents, 
abrasion and chipping. Col- 
ors remain clearly readable 
after long service. 


SOLID RESISTANCE 
ELEMENT 


Resistance material has large 
Cross section resulting in low 
current density and high ov- 
erload capacity. Uniforinity 
of material eliminates “hot 












SOLIDLY EMBEDDED 
LEADS 






Lead wires are formed to 
provide large contact area 
and high pull strength. 






RUGGED 
CONSTRUCTION 


Resistors are hot-molded. 
Resistance material. insu- 
lation material and lead 
wires are molded at one 
time into a solid integral 
structure. 


Figure 4-2 
The carbon composition resistor. 
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10to 22MOQ 
+20+10+5 


1/8 1/4 1/2 1 2 
150 250 350 500 500 




















TOLERANCE (%) 





WATTAGE (W) 
Specified at 40 or 70°C 


MAXIMUM WORKING 
VOLTAGE (WV) 


HOT SPOT 
TEMPERATURE (°C) 


VC (96 change in resistance/V) 


Little effect for f < 100kHz. Above 100kHz, resistors > 300k() 
start to decrease in value. Above 1MHz, all resistance values 
decrease. 









FREQUENCY EFFECTS 


APPLICATIONS Low power, moderate voltage, low-medium frequency applica- 
tions where precise resistance values are not required. 


Table 4-2 
Typical characteristics of carbon composition resistors. 


—À 


Resistance changes with temperature, voltage, and frequency. 

2. Тһе temperature coefficient of resistance also changes with 
temperature, and for a given temperature, it depends upon the 
resistance value. 

3. Large resistance values tend to be noisy. 
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In addition, carbon composition resistors are a poor choice for humid environments, 
because moisture causes the carbon granules to move away from each other — 
thus increasing the resistance of the resistor. This effect is just the opposite of most 
other resistor types which tend to decrease in resistance when exposed to moisture. 


Carbon composition resistors are also susceptible to resistance changes due to 
cycling. This means a permanent change in resistance can occur when the resistor 
is alternately operated between no dissipation and maximum dissipation. for these, 
and other reasons, carbon composition resistors are not suitable for applications 
requiring precise, stable resistance values. If changes in resistance can be tolerated 
and the environment is not harsh, then for moderate changes in voltage, frequency, 
and temperature, carbon composition resistors are a good choice. 


Fixed Wire-Wound Resistors 


Wire-wound resistors are made by winding wire on a core, and then covering the 
resistor with a protective coating. The characteristics of the resistor are determined 
by the type of wire used, the manner in which the wire is wound, the type of core 
material used, and the type of coating used to seal the resistor. 


Figure 4-3 illustrates the construction details of a typical wire-wound resistor. Of the 
various types of resistors currently available, wire-wound resistors are the least 
standardized. Consequently, they are available in numerous shapes, sizes, and 
power ratings. 


For a given physical size, the maximum resistance value is limited by the available 
space and the resistivity of the wire used to wind the resistor. Thus, for a given 
wattage, the range in available resistance values is considerably less than for 
composition resistors. 


Since wire-wound resistors are essentially coils of wire, they have considerably 
more inductance than either composition, or film-type resistors. In an attempt to 
minimize inductance, pairs of identical coils are wound in opposite directions, and 
then connected in parallel. The disadvantage of these "noninductive" windings is 
that, for a given size resistor, the maximum resistance value that may be obtained is 
quite limited. Due to their construction, wire-wound resistors can be made with 
tolerances of + 1% or less. 
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PLASTIC 


WIRE 


CERAMIC CORE 


Figure 4-3 


The wire-wound resistor. 
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In addition, numerous high-power, wire-wound resistors are readily available. Table 
4-3 summarizes some typical characteristics of wire-wound resistors. Compared to 
composition resistors, wire-wound resistors have much more stable resistance 
values. The principle disadvantages of wire-wound resistors include their 
comparatively high cost, and inherent inductive nature. This latter characteristic 
makes wire-wound resistors unsuitable for high frequency applications. 


Do ғалар! LOW POWER MEDIUM POWER HIGH POWER 


Bakelite Ceramic 
COATING Phenolic Phenolic Vitreous enamel 


Sheet Metal with Soldering lugs 
mounting holes 


WATTAGE (W) 5to 200+ 
Specified at 40°С 


| TOLERANCE (96) + 10 апа + 5typical | 


Negligible 


УС 








NOISE Low compared to composition-types 


FREQUENCY EFFECTS Resistance increases as frequency increases. Significant 
inductive effects limits the maximum useful frequency to 
approximately 50kHz. 


MISCELLANEOUS Precision + 1% or less resistors are available. 


APPLICATIONS Circuits requiring precise, stable resistance values with low 
noise. Also high power applications. Not suitable for high 
frequency applications. 


Table 4-3 
Typical Characteristics of Wire-Wound Resistors 
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Film Resistors 


Solid carbon-composition resistors are inexpensive, but have resistance values that 
can change significantly with changes in temperature, voltage, cycling, and humid- 
ity. The stability of wire-wound resistors is much better. Unfortunately, wire-wound 
resistors are expensive, and exhibit significant amounts of inductance and capaci- 
tance, which limits their usefulness to relatively low frequencies. 


Film resistors have characteristics that tend to lie between the extremes offered by 
solid carbon-composition and wire-wound resistors. For this reason, film resistors 
are becoming increasingly popular and, along with carbon composition resistors, 
are the most commonly used resistor type. 


Film resistors are formed by depositing a resistance film on a ceramic or glass rod. 
For this reason, such resistors are often referred to as deposited-film resistors. If the 
thickness ofthe film is one millionth of an inch or less, the resistor is called a thin-film 
resistor. Similarly, ifthe film is thicker than one millionth of an inch, the resistor is con- 
sidered a thick-film resistor. 


For low resistance values, the resistance film is continuous from one end of the rod 
to the other. In such cases, the resistance is determined by the film's resistivity, 
thickness, and length. To obtain higher resistance values, a spiral groove is cut 
through the film, as shown in Figure 4-4. Note that the size of the groove determines 
the length and width of the ribbon of resistance film that remains. Thus, by varying 
the size of the groove cut through the film, it is possible to obtain a wide range of re- 
sistance values. 


CERAMIC ROD 





%- RES ISTANCE 
PROTECTIVE а Г, 


COATING 


Figure 4-4 
Simplified drawing of a film resistor. 
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The material used for the resistance film, and the manner in which it is deposited on 
the insulating rod, largely determine the characteristics of the resistor. Carbon film 
resistors, for example, are inexpensive and, generally speaking, are more stable 
than solid composition resistors. 


Numerous metal-film types are also available. These resistors are made by deposit- 
ing various metal alloys on glass, or ceramic rods. Precision metal film resistors are 
available that compare very favorably with the precision characteristics of wire- 
wound resistors. In addition, film resistors exhibit considerably less inductance and 
capacitance than wire-woundresistors. For this reason, film resistors can be used at 
frequencies of several megahertz or more, whereas wire-wound resistors cannot. 


Cermet is a material that is a combination of a ceramic and metal. Cermet resistors 
are usually physically smaller than other resistor types. This makes them attractive 
for applications where space is limited. In addition, cermet resistors can withstand 
very high voltages and exhibit stable resistance values in extreme environments. 


So-called bulk film resistors are made by etching a pure metal on a glass substrate. 
Bulk film resistors have the best high frequency characteristics of any resistor type 
currently available. In addition, their temperature coefficient, and other characteris- 
tics are unsurpassed. The disadvantages of bulk film resistors include their high 
cost, limited range of available resistance values, and limited power rating. Exclud- 
ing these disadvantages bulk film resistors come closer to the characteristics of an 
ideal resistor than any other resistor type. 


Table 4-4 summarizes some typical characteristics of film resistors. 
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[== | мы [ em | эк 
10010 10010 300% 


НАМСЕ 10і01М0 
several МО hundreds МО hundreds КО 


cost | | ерине | эште | мош _ 






















MISCELLA- Improved per- Numerous рге- | Excellent choice Best high fre- 
NEOUS formance over cision types for harsh quency response. 
solid-composition available environments Approximates 


types. can withstand an ideal resistor. 
very high 


voltages. 


Table 4-4 


Typical characteristics of film resistors. 
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TERMINALS 
A TT 
31 San} 
B 
CARBON 
MOVABLE RESISTANCE i25 
SHAFT ELEMENT 
CARBON-TYPE POTENTIOMETER REAR INSIDE VIEW 
C D 





WIRE-WOUND POTENTIOMETER SLIDE-TYPE VARIABLE RESISTOR 


E 
SCHEMATIC SYMBOL 


Figure 4-5 
Variable resistors. 
. Carbon potentiometer. 
. Rear inside view. 
. Wire-wound potentiometer. 
. Slide-type variable resistor. 
. Schematic symbol. 


тооо р 
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Variable Resistors 


Variable resistors that have carbon composition, wire-wound, or film-type resistive 
elements are widely available. Generally speaking, the characteristics discussed 
earlier for fixed resistors also apply to variable resistors. There are, however, several 
differences between fixed and variable resistors that you should be aware of. The 
wattage rating of a variable resistor, for example, applies to the maximum resistance 
value. Consequently, if only a portion of the maximum resistanceis being used, the 
wattage rating should be reduced accordingly. Variable resistors are usually re- 
ferred to as potentiometers or "pots." 


Figure 4-5A and Figure 4-5B illustrate the construction details of a carbon pot. 
Similarly, Figure 4-5C illustrates a wire-wound pot, while a sliding-contact variable 
resistor is illustrated in figure 4-5D. Sliding-contact variable resistors are generally 
used in high-power applications where the resistance must be initially set, or 
occasionally reset. 


Typically, the movable arm of a pot can move through an arc of approximately 300°. 
In addition, the change in resistance between the movable arm, which is called the 
wiper, and either end of the pot can vary in either a linear or nonlinear manner as 
shown in Figure 4-6. Logarithmic or “audio taper" pots used in volume controls аге 
examples of nonlinear pots. For obvious reasons, pots used as voltage dividers 
change resistance in a linear manner as the shaft of the pot is turned. 


% RESISTANCE 






LINEAR POT 


SOSIMAXIMUN есе om О POT 
RESISTANCE Mm 








20 


ТО 


RESISTANC 
: E % ROTATION 





20 40 60 80 100 


50% ROTATION 


Figure 4-6 
Typical resistance versus rotation characteristics 
of linear and nonlinear potentiometers. 
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Self-Test Review 


Bo cJ e 


Real resistors exhibit the properties of and 
in addition to resistance. 

Most conductors have — . — temperature coefficients. 

The DC resistance of a conductor depends upon its resistivity, length, cross- 
sectional area, and . 

Wire diameters are normally given in units o 

resistors are the least stable type. 
___ resistors exhibit the most noise. 
resistors have the best high-frequency characteristics. 
к. айы ____ resistors have the poorest high- 


frequency characteristics 











Precision resistors have characteristics 
that rival wire-wound resistors. 
film resistors can withstand very high voltages. 


Overall, film resistors come closestto the characteristics of 
ideal resistors. 

Audio potentiometers are examples of pots. 

Thick-film resistors have a film thickness greaterthan one ofan 
inch.; 

A resistor has a nominal value of 1000 at 25°С and a temperature coefficient 
of 1000 ppm/°C. Its resistance at 100°C is ohms. 


A roll of AWG # 22 silver wire has a resistance of 20. The cross-sectional area 
of AWG # 22 wire is 642.4 CM. From this information, the length of the wire is 
calculatedtobe — — feet. 
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Answers 


inductance, capacitance . metal film 
positive . септе! 
temperature . bulk 
circular mils . nonlinear 
composition . millionth 
Carbon composition 2 1074 
Bulk . 128.78 
Wire-wound 


i 
2 
3. 
4. 
5. 
6. 
y 
8. 





The solutions to questions 14, and 15 follow. 


14. 1000 ppm = 1000/1,000,000 = 0.001 
Thus 1000 ppm/C = 0.001/°C 


AR = TC (AT) (В,) 
AR = 0.001 (100-25) (1000) 
AR = 7.50 


The resistance at 100?C is, therefore: 


R - R + AR 
R = 1009 + 7.50 
R = 107.50 

15. R = 20 
A = 642.4CM 


Р = 9.90 СМЖ from Table 4-1 


Since R = A ‚ you can solve the equation for the length |. Thus. 


| = = = 20 (642.4) = 129.78 ft 
9.9 
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CAPACITORS 


Next to resistors, capacitors are the most frequently used circuit components. Be- 
cause of their widespread use, there are a number of different types of capacitors 
available. For this reason, the selection of a particular capacitor for a given circuit is 
often more involved than the selection of a suitable resistor. As with all components, 
numerous factors must be considered before a final choice is made. 


Capacitor Basics 


In its simplest form, a capacitor consists of two metal plates separated by an insulat- 
ing material called the dielectric — as shown in Figure 4-7. The capacitance of this 
type capacitor is given by: 


С- 129554 КА  (Eq.4-4) 


where 
C = capacitance in picofarads (pf) 


A = area of one plate in square inches (in?) 

d — distance between the plates in inches (in) 

К =the relative dielectric constant of the material separating the 
plates. 


PARALLEL | 
PLATES ІІД 





Figure 4-7 
The parallel plate capacitor. 
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Table 4-5 lists typical values for the relative dielectric constants of commonly used 
materials. 


Relative Dielectric 
Material Constant K 


Air 1 





Aluminum oxide 


Tantalum oxide 11 


Table 4-5 


Relative dielectric constants for commonly used materials. 


By definition, the dielectric constant of a vacuum is 1. The dielectric constant for air is 
only sightly larger, so we will assume it is also 1. The term “relative dielectric con- 
stant" indicates thatthe properties of a given material are being compared with those 
of a vacuum or air. Equation 4-4 indicates that capacitance is directly proportional to 
the value of the material's relative dielectric constant. Thus, by using different dielec- 
tric materials, different values of capacitance can be obtained for a given area and 


distance. 


Example 4-3 


Two parallel metal plates are separated by 0.01 in. The area of 
one plate is 0.5 in?. Calculate the capacitance for an air dielec- 
tric, then for a dielectric of tantalum oxide. 


For air К = 1. Thus, 


_ 0.225(1)(0.5) _ 


The relative dielectric constant of tantalum oxide is 11. Thus, if tantalum oxide is 
used for the dielectric materialthe resulting capacitance will be 11 times greater than 
if air was the dielectric material. 


С = 11 (11.25pF) = 123.75pF 
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Definitions 


When discussing capacitors, a knowledge of the following terms will prove useful. 


Leakage Current. Since real dielectrics are not perfect insulators, a small current 
will flow in a capacitor when a DC voltage is applied across the capacitor. This cur- 
rent is called the leakage current. 


Insulation Resistance. This is the resistance of the dielectric material separating 
the plates of the capacitor. Typically insulation resistance decreases as temperature 
increases. Consequently, leakage current tends to increase as temperature in- 
creases. 


Equivalent Series Resistance. This is the effective series resistance of the capaci- 
tor. The equivalent series resistance, ESR, tends to increase with frequency. 


Quality Factor. This is a figure of merit and is defined as follows. 


E 5 (Eq. 4-5) 

. ESR А 

Large values of О indicate а high quality capacitor. That is, one whose losses аге 
small. 


Dissipation Factor. The dissipation factor, D, is the reciprocal of the quality factor, 
Q. Small values of D are desirable since they indicate high quality. 


Ripple Voltage. If both DC and AC voltages are present, the maximum voltage is 
the sum ofthe DC and peak AC value. This maximum value must not exceed the ca- 
pacitor's rated voltage. Some capacitor types tolerate ripple voltages better than 
other types. 


Real Circuit —! 4-21 


Capacitor Types 


Capacitors may be classified as either fixed or variable. Additional classification is 
usually based on the type of dielectric material used to make the capacitor. Figure 
4-8 illustrates a variable capacitorthat uses air as the dielectric material. In this case, 
the capacitance value can be changed by rotating the shaft, since this changes the 
effective plate area, and hence capacitance. Capacitors similar to the one shown in 
Figure 4-8 typically can change capacitance value over a 10:1 range. Such capaci- 
tors are used as tuning elements in radios, televisions, and so forth. Capacitance 
values range from a few pF to approximately 500 pF. In order to help you become 
familiar with the characteristics of the various capacitor types, a brief discussion of 
the more common varieties follows. 


ROTATING PLATES 
(ROTOR) 





STATIONARY PLATES 
(STATOR) 


Figure 4-8 
A variable capacitor that uses air 
for the dielectric material. 
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MICA 


Mica is a chemically inert, naturally occurring mineral whose dielectric properties are 
relatively stable with frequency, temperature, humidity, and other environmental 
changes. For this reason, mica was one of the first materials used to make capaci- 
tors. Mica capacitors have a sandwich-like construction as shown in Figure 4-9. 
Usually, several such sandwiches are stacked together in a single unit in order to ob-: 
tain increased capacitance. Silvered mica capacitors have a thin silver layer rather: 
than tin-lead foil for the capacitor plates. This construction results in a capacitor that 
has more stable electrical characteristics, and greater mechanical strength. 


MICA 





Figure 4-9 
Sandwich-like construction of a mica capacitor. 


PAPER 


In paper capacitors, alternate layers of paper and metal foil are rolled together, form- 
ing a tubular structure as shown in Figure 4-10. In this manner, manufacturers can 
produce low cost capacitors offering a wide range of capacitance values. paper ca- 
pacitors usually have a band at one end to identify the lead that is connected to the 
outside metal foil. Grounding this lead improves noise immunity, since the inner foil 
is effectively shielded from stray electric fields. The principle disadvantage of paper 
capacitors is their sensitivity to temperature changes. 


FOIL 





PAPER 


Figure 4-10 


Construction of a typical paper capacitor. 
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GLASS 


The construction of a glass capacitor is similar to that of a mica capacitor. Glass ca- 
pacitors are very reliable and offer stable capacitance values. They are an excellent 
choice for humid environments. However, they are relatively expensive. 


CERAMIC 


Ceramic materials have a large range of dielectric characteristics. Consequently, 
ceramics are the most versatile dielectric materials currently available. So-called 
low-k ceramic dielectrics can be manufactured with a temperature coefficient that is 
essentially zero. This type of capacitor is usually marked with the letters “NPO” to in- 
dicate the zero temperature coefficient. Markings like P100 and N100 indicate posi- 
tive and negative temperature coefficients, respectively, of 100 ppm/°C. 


High-k ceramic capacitors have larger capacitance values than low-k capacitors. 
However, they are not nearly as stable with changes in temperature, voltage, and 
frequency. 


PLASTIC FILM 


In these capacitors, the dielectric consists of a thin film of plastic. Currently, the most 
popular plastic dielectrics are polystyrene, and polyester (trade name mylar). 
Polystyrene capacitors have excellent temperature characteristics but tend to be 
physically large. Polyester capacitors are usually smaller but their temperature 
characteristics are nowhere nearly as stable as polystyrene capacitors. Improved 
manufacturing techniques will probably increase the range and number of 
applications for plastic film capacitors. 
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ELECTROLYTIC 


Electrolytic capacitors have the largest amount of capacitance for a given physical 
size. The dielectric consists of a thin oxide layer which is formed by electrochemical 
action during the manufacturing process. Figure 4-11 illustrates a popular type of 
aluminum electrolytic capacitor. Sheets of aluminum foil are separated by paper that 
has been saturated with a conductive paste called the electrolyte. In Figure 4-11, 
you should note the following: 


1. The foil with the aluminum oxide coating is the positive plate. 
2. The electrolyte is the negative plate. 
3. The dielectric is the very thin layer of aluminum oxide. 


Because the aluminum oxide layer is very thin, and because the area of the 
aluminum sheets is large, the capacitance-to-volume ratio is also large. 
Unfortunately, the thin oxide layer limits the maximum voltage that can be applied 
across the capacitorto relatively low values. In addition, the thin oxide layer results in 
relatively low values of leakage resistance, and consequently, large leakage 
currents. 


Note that the capacitor in Figure 4-11 is polarized. This means that the capacitor will 
work properly only if the correct polarity is observed when the capacitor is put into a 
circuit. Forthis reason, one lead of the capacitor is marked with a + sign as shownin 
Figure 4-11B. By forming oxide coating on both plates, it is possible to make 
nonpolarized electrolytic capacitors. By doing this, however, you significantly 
decrease the capacitance-to-volume ratio. 


A 
NÄ mia 
ALUMINUM 2% LEADS 










FOIL 





POSITIVE 
TERMINAL 
MARKED 



































2 PAPER 
SATURATED 
WITH 
ELECTROLYTE PACKAGE 
Figure 4-11 
A polarized aluminum electrolytic capcitor. CONSTRUCTION 
A. Construction. C 
B. Package. 
C. Structure. БОШ» ee ШМ 5228 POSITIVE PLATE 
OXIDE LAYER ZZ ELECTRIC 
ELECTROLYTE £M | NEGATIVE 
PAPER PLATE 
FOIL 





STRUCTURE 
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The insulation resistance of electrolytic capacitors varies greatly from one capacitor 
to another. In addition, the insulation resistance of a given capacitor tends to de- 
crease with time. For these reasons, series-connected electrolytic capacitors often 
use equalizing resistors as shown in Figure 4-12. Without the equalizing resistors, 
the voltage across each capacitor would depend upon the value of the capacitor's in- 
sulation resistance. If one capacitor had an insulation resistance considerably larger 
than the others, the voltage developed across it could easily exceed its rated value. 
Usually, equalizing resistors are chosen with values between 22КО and 56КО. 


Figure 4-12 


Using equalizing resistors for 
series-connected electrolytic capacitors. 





Since the value of the equalizing resistor is small compared to the capacitor's insula- 
tion resistance, the parallel combination of an equalizing resistor and a capacitor's 
insulation resistance essentially equals the value of the equalizing resistor. In this 
way, the voltage developed across a capacitor depends upon the value of the 
equalizing resistor, and not on the capacitors insulation resistance. 


Capacitors are often connected in series is to increase the effective voltage rating. 
Two 100ҺЕ, 250V series-connected capacitors, for example, are equivalent to a 
single 50uF, 500V capacitor. This technique is often used in power supply filter cir- 
cuits, since two 100Һ.Ғ, 250V capacitors might be less expensive than a single 
50uF, 500V capacitor. 


When aluminum-oxide electrolytic capacitors are not used, their oxide layers tend to 
deteriorate. For this reason, such capacitors are said to have a short shelf life. Tan- 
talum oxide capacitors were developed to overcome this, and other disadvantages. 


Generally speaking, tantalum oxide capacitors have long shelf lives, larger leakage 
resistances, smaller leakage currents, and larger capacitance values than compara- 
ble aluminum oxide capacitors. The principle disadvantages of tantalum oxide ca- 
pacitors compared to aluminum oxide capacitors are their higher cost, and lower 
working voltage rating. Currently, tantalum oxide capacitors are available in foil, wet, 
and solid types. Each name refers to the particular manufacturing process used to 
make the capacitor. 
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Capacitor Applications 


Applications for capacitors include coupling, bypassing, tuned circuits, timing, and 
filters. Often, the particular application will dictate what type of capacitor is appropri- 
ate. For this reason, a brief description of some typical capacitor applications fol- 
lows. 


COUPLING 


The function of a coupling capacitor is to pass or couple an AC signal from one point 
to another. Coupling capacitors couple only AC signals. Pure DC signals are pre- 
vented from passing through the coupling circuit. Therefore, coupling capacitors are 
also referred to as blocking capacitors. 


Figure 4-13 illustrates atypical coupling circuit. Here, the input consists of a 1 V peak 
sine wave that "rides on" a 9 VDC level. Since a capacitor acts like an open circuit to 
DC, only the 1V peak sine wave appears at the output. For effective coupling, the 
reactance of the capacitor should be small compared to the resistance in series with 
the capacitor. Coupling capacitors are used extensively in transistor circuits to 
couple signals from one stage to another. Depending upon the frequencies to be 
coupled, any number of capacitor types are appropriate. Following this section, a 
number of capacitor summary charts are provided to help you select a particular type 
of capacitor for a specific application. 


VA Veit) 

10V 
ду 

BV ІУ 
б t 
еэ -V 
A С B 
sin 377t V 


10KQ 


+I 


Figure 4-13 
The coupling capacitor. 
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BYPASSING 


The function of a bypass capacitor is just the opposite of a coupling capacitor. For 
this reason, bypass capacitors are also called decoupling capacitors. Figure 4-14 
illustrates a typical bypassing circuit. Because the reactance of the capacitor is small 
compared to the series resistance, nearly all the AC voltage is dropped across the 
resistance. Thus, the AC output voltage is essentially zero. For this reason, point Bis 
considered to be at AC ground potential. Since the capacitor acts like an open circuit 
for DC, whatever DC voltage is present at the input will also appear at the output. 


Vat) vgt 
10V 
OV 9y 
8V 
Д ы | 
A 10KQ B „^^, 
біп 377t V 


Figure 4-14 
The bypass capacitor. 


Bypass capacitors are also widely used in transistor circuits. In addition, bypass 
capacitors are often connected between the output of a power supply and ground to 
prevent transient voltage spikes from reaching sensitive equipment. 


To calculate the value of a coupling or bypass capacitor for a given circuit you can 
uSe the following rule of thumb: 


Втн 
xz СШ» Тарас 
ха 20 (Eq. 4-6) 


where: [Xc| is the reactance of the capacitor at the lowest frequency to be 
coupled, or bypassed. 
R4 = Thevenin resistance as seen from the capacitor. 
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Example 4-4 
Calculate the minimum size capacitor required to produce good 
coupling and bypassing in Figure 4-13, and Figure 4-14 


respectively. 


In each case, Н = 10КО. Also the AC signal has a radian frequency of 377 rad/s, 
which corresponds to 60 Hz. Thus: 


Since |Хс| = 1/өС the required value of C is: 


ЫХ] 377 (5000) 





= Б.ЗАһҒ 


TUNED CIRCUITS 


Series and parallel resonant circuits often use variable capacitors as the tuning 
element, since it is easier to make a variable capacitor that provides a 10:1 tuning 
range than a variable inductor. Low loss, high Q capacitors are generally preferred 
for such appalications. 


TIMING 


RC charging and discharging circuits can be used alone or in conjunction with other 
circuits and components to produce accurate timing pulses. Generally speaking, 
capacitors for such applications must have leakage currents as small as possible. In 
addition, the capacitance values should not change significantly with time and 
temperature. 


FILTERS 


In power supplies, smoothing filters are used to smooth out the pulsating DC voltage 
produced by the power supply. Usually, large capacitance values are required for 
this purpose. Thus, electrolytic capacitors are generally preferred. For othertypes of 
filters, the choice of an appropriate capacitor type usually depends upon the 
frequencies the filter must process. 
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Capacitor Selection Guide 


The following selection guide attempts to summarize some characteristics of the 
major capacitor types. Numerous varieties are usually available for a given type of 
capacitor. Paper capacitors, for example, may be impregnated with various oils, 
waxes, and jellies. Naturally, each variety has its unique characteristics. In addition, 
for a given type and variety, different manufacturers may specify different toler- 
ances, ranges, and voltage ratings. Thus, the selection guide is intended for com- 
parison purposes only. For more specific information, you should consult manufac- 
turer's catalogs. The selection guide uses the following abbreviations: 


Capacitance-to-volume ratio — C/V. 

Low, medium, and high frequency — LF, MF, HF. 
Maximum — Max. 

Frequency — Freq. 

Resistance — R. 

Power factor — pf. 


1 pFto0.1pF. 
Tolerance (%) Е 1.210; 
Max Voltage 50V to 75kV. 
Leakage R (МО) 1,000 to 100,000 +. 
Freq Range 1kHz to 10GHz. 
Cost High. 
Advantages Low loss, stable values. 
Disadvantages Cost, low c/v ratio. 


APPLICATIONS Coupling/bypassing HF, filters, tuned circuits. 


PAPER 


Range 100 pF to 100uF. 
Tolerance (%) 10, 220: 

Max Voltage 50V to 100 + kV. 

Leakage Н (МО) 100. 

Freq Range 100Hzto 1MHz. 

Cost Low. 

Advantages Cost, wide range of values. 
Disadvantages Temperature sensitive. 


APPLICATIONS Coupling/bypassing LF, LF filters, pf correction. 
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CERAMIC (low k) 


Range 
Tolerance (96) 
Max Voltage 
Leakage R (МО) 
Freq Range 
Cost 
Advantages 
Disadvantages 


APPLICATIONS 


CERAMIC (high k) 


Range 
Tolerance (96) 
Max Voltage 
Leakage R (МО) 
Freq Range 
Cost 
Advantages 
Disadvantages 


APPLICATIONS 


GLASS 


Range 
Tolerance (96) 
Max Voltage 
Leakage Н (МО) 
Freq Range 
Cost 
Advantages 
Disadvantages 


APPLICATIONS 


Coupling/bypassing HF. 


1 pF to0.001 pF. 

4355/20! 

10kV. 

1000. 

1kHzto10GHz. 

Low. 

Zerotemperature coefficient possible. 
Small capacitance values. 


Temperature compensated circuits. 


100pFto 1pF. 


100. 

1kHzto 10THz +. 

Low. 

Large capacitance values comparedto low k. 
Capacitance changes with temperature. 


1 pF to 10pF. 
EE ed) 
20V to 6kV. 
100,000 plus. 


High. 
Lowloss, temperature stability. 
Cost, low c/v ratio. 


Coupling/bypassing HF, tuned circuits. 





Неа! Circuit Components 4-37 


PLASTIC FILM — Polystyrene 


Range 500 pF to 20һЕ. 
Tolerance (96) 20:5! 

Max Voltage 1kV. 

Leakage R (MQ) 10,000. 

Freq Range DC to 10GHz. 

Cost Medium. 

Advantages Temperature stability. 
Disadvantages Physical size, low с/у ratio. 


APPLICATIONS Coupling/bypassing HF. 


PLASTIC FILM — Polyester (Mylar) 


Range 5000 pF to 20һЕ. 

Tolerance (%) +10, +20. 

Max Voltage 100V to 600V. 

Leakage R (МО) 10,000. 

Freq Range 100Hzto 1MHz. 

Cost Medium. 

Advantages Higher c/vratio than polystyrene. 
Disadvantages Temperature sensitive. 


APPLICATIONS Coupling/bypassing LF and MF. 
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ALUMINUM ELECTROLYTIC 


Range 1uFto 10,0004 F plus. 

Tolerance (96) +100 to —20. 

Max Voltage 3V to 650V. 

Leakage Н (МО) 1МО or less. 

Freq Range 15Hz to 10kHz. 

Cost Low/Medium. 

Advantages High c/v ratio. 

Disadvantages Large leakage current, short shelf life. 


APPLICATIONS Coupling/bypassing LF, power supply smoothing filters. 


TANTALUM ELECTROLYTIC 


Range 0.1p to 1,000pF. 

Tolerance (%) + 100to —20. 

Max Voltage 250V. 

Leakage Н (МО) 10 plus. 

Freg Range DC to 1kHz. 

Cost Medium. 

Advantages Long shelf life, high c/v ratio compared to aluminum. 
Disadvantages Low voltage rating. 


APPLICATIONS Coupling/bypassing LF, LF filters. 





COMMENTS 


Solid tantalum capacitors are the most commonly used types. Of the three varieties currently 
available, solid types have the best temperature characteristics. 


Foil and wet types are available with higher voltage ratings than solid types — but are more tem- 
perature sensitive. 
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Self-Test Review 


16. A parallel plate capacitor uses air as its dielectric material and has a capaci- 
tance of 2.24 F. If the dielectric were changed to porcelain, the capacitance 


wouldibes . тес - 

17. The capacitance of a parallel plate capacitor is | . ,аввитіпд а 
plate area of 0.25 in?, a distance between the plates of 0.001 in, and a mica 
dielectric. 

18. The resistance ofthe dielectric material separating the plates of a capacitor is 
called the resistance. 

19. Alow-loss capacitor г would have a high = 

20. capacitors usually have а band at one end. 

21. capacitors are a good choice for humid environments. 


22. Тһе most versatile dielectric materials are the 

23. А capacitor is marked 10ҺҒ followed by NPO. The capacitance at 65°С і5 
therefore 

24. One of the first dielectric materials used to make capacitors was 


251! capacitors have the highest capacitance-to-volume 
ratio. 

20 = ___ -oxide electrolytic capacitors have a relatively short 
shelf life. 

27. Which plastic film capacitor; polystyrene or polyester, is more temperature 
sensitive? 2 
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Refer to Figure 4-15. 
28. |n Figure 4-15A, the minimum size capacitor required for good coupling is 


29. In Figure 4-15B, the minimum size capacitor required for good bypassing is 


А 10KQ A B 


2 sin 754t V 
10KQ 5KQ 


Question 28 


B 16KQ 


2 sin 754t V 


у —— 





Question 29 = 


Ғідиге 4-15 

Circuits for questions 28 and 29. 
A. Question 28. 
B. Question 29. 
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Answers 


16. 13.2uF .  10uF 
17. 9393.75 pF . mica 


18. insulation or leakage . Electrolytic 
19. Q . Aluminum 
20. Paper polyester 
21. Glass __ 2ТЕ 

22. сегатісѕ . .6.64F 





The solutions to questions 16, 17, 23, 28, and 29 follow. 


16. Тһе capacitance with an air dielectric is given as 2.24 F. Table 4-5 lists the 
relative dielectric constant of porcelain as 6. Therefore: 


C = 6(2.2uF) = 13.2uF 


17. А = 0.25 іп2, а = 0.001 in, and k = 7 from Table 4-5 Thus: 


Qu EE) 2390 75 pr 


23. The designation NPO means the temperature coefficient is zero. Therefore, 
the value of C does not change with temperature, so С = 10yF. 

28. Removing the capacitor in Figure 4-15A, and reducing both sources to zero 
lets you calculate the Thevenin resistance as viewed from the capacitor. 


Thus: 
Аун = 10kO] 10КО + 5КО = 10kQ 
Ra, _ 10КО 
For good coupling |хсі 2 255-5000 


The radian frequency of the AC source is 754 rad/s. Thus, the minimum value 
of C required for good coupling is: 


1 1 
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29. 


Bypass capacitors are calculated in a manner similar to coupling capacitors. 


In figure 4-15B, once the capacitor is removed and the sources have been 
reduced to zero, you can see that: 


Rr = (16КО + 4kQ) | 5k 
Rm = 20к0|5к0 = 4kQ 


Thus: 4КО 
[хс = 


20 ^ 2000 


1 1 
© e|Xc| 754(200) 





= 6.64F 
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INDUCTORS 


Of the three basic circuit components (resistors, capacitors, and inductors), 
inductors are the least ideal. For this reason, RC circuits are used more extensively 
than RL circuits. In certain applications, however, inductors are absolutely 
necessary. In this section, you will become familiar with some of the non-ideal 
properties of real inductors, and the steps that can be taken to minimize them. 


Inductor Basics 


Figure 4-16 illustrates one of the simplest possible inductors. Here, a single layer of 
wire has been wound on a hollow cardboard, or some other, nonmagnetic core. In 
this type of inductor, the core material is air, since the cardboard form simply 
supports the numerous turns of wire. Consequently the inductor is referred to as an 
air-core inductor or an air-core coil. To a reasonable approximation, the inductance 
of such a coil is given by: 


_ (пч)? 
ШЕ т 


where Lo = inductance іп microhenries (wH) 
r = mean core radius in inches (in) 
L = core length in inches (in) 
N = number of turns 


NON MAGNETIC | 
CORE NI 





Figure 4-16 
A single-layer air-core inductor. 
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Equation 4-7 indicates that the inductance of the coil depends upon the coil's 
geometry, and the number of turns of wire used to wind the coil. Formulas for 
computing the inductance of coils with more complex geometries and winding 
patterns are available in engineering handbooks. 


Core Materials 


One of the factors that can have a significant affect on the inductance of a coil is the 
type of material used for the core. Generally speaking, materials may be classified 
as magnetic or nonmagnetic. Magnetic materials become magnetized when placed 
in a magnetic field, while nonmagnetic materials do not. The atoms and molecules 
that make up all matter exhibit magnetic properties. 


In magnetic materials, these "molecular magnets" tend to align themselves in the 
same direction when the material is placed in an external magnetic field. The 
magnetic fields of molecular magnets aligned in the same direction reinforce each 
other. Thus, when enough molecular magnets are aligned in the same direction, the 
material exhibits magnetic properties. 


In unmagnetized materials, the directions of the various molecular magnets are 
random. Thus, some molecular magnetic fields reinforce each other, while an equal 
number cancel each other — producing a net magnetic field that is zero. 


The molecular magnets in nonmagnetic materials do not have the ability to align 
themselves in the same direction when the material is placed in an external 
magnetic field. For this reason, such materials cannot be magnetized. 


Magnetic materials are classified as being hard or soft. A hard magnetic material 
retains its magnetism when it is removed from a magnetic field. Thus, hard magnetic 
materials are used to make permanent magnets. Soft magnetic materials are 
different — they exhibit magnetic properties only when they are in a magnetic field. 
Once a soft magnetic material is removed from a magnetic field, it loses its 
magnetism, since its molecular magnets return to their original random position. For 
this reason, soft magnetic materials are called temporary magnets. It is important to 
realize that the terms hard, and soft as used here refer to the magnetic properties of 
a material and not to its physical hardness, or softness. 


When current flows through a conductor, a magnetic field is created. If the conductor 
is wound in the form of a coil, the individual magnetic lines of force reinforce each 
other. Consequently, a more concentrated magnetic field is produced within the core 
of the coil, which increases the inductance substantially. 
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Flux is another name for lines of force. The term flux density refers to the number of 
lines of magnetic force per unit area. Thus flux density indicates the intensity or 
strength of a magnetic field. Stated mathematically: 


B- 2 (Еа. 4-8) 


where B = flux density. 
(Z — number of lines of magnetic force. 
A = cross-sectional area through which the magnetic 
lines of force pass. 


The units of flux, flux density, and other magnetic quantities depend upon the system 
of measurement being used. Table 4-6 summarizes typical magnetic units for the 
English, cgs, and mks measurement systems. 





TERM DESCRIPTION | SYMBOL pipi CGSUNITS MKS UNITS 
TOTALLINES LINESOR | MAXWELL WEBER 
FLUX OF FORCE KILOLINES 1 MAXWELL = 1 LINE 1 WEBER = 100,000,000 LINES 
LINES PER KILOLINES | GAUSS УУУУ WEBER 
FLUXDENSITY | UNITAREA IN? (css M? 


TOTAL FORCE 
THAT 
MAGNETOMOTIVE | PRODUCES MMF AMPERE- 
FORCE FLUX TURN 


FIELD INTENSITY, | FORCEPER AMPERE- | OERSTED 
ORMAGNETIZING | UNITLENGTH | н TURN QiOERSTED- 1GILBERT 
FORCE OF FLUX PATH IN CM 











GILBERT 
1 GILBERT = 0.796 AMP TURN 
1 AMP-TURN = 1.25 GILBERT 








AMPERE-TURN 





























AMPERE-TURN 
M 








Table 4-6 


Comparison of magnetic units. 
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HARD MAGNETIC CORE 


Figure 4-17 


Flux density, B, E versus magnetizing force, H, 
for these types of core materials. 
A. Nonmagnetic core. 
B. Soft magnetic core. 
C. Hard magnetic core. 
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Flux density can be measured with an instrument called a flux meter. Figure 4-17 
illustrates an experiment to determine the effects of different core materials for a 
simple coil. In Figure 4-17А, the coil is wound on a form that contains a nonmagnetic 
core. As the source voltage, which is initially zero volts, is gradually increased, 
current flows, thus creating a magnetic field. Since the length and number of turns of 
the coil are fixed in this experiment, the current, |, is a valid measure of the 
magnetizing force, H. Clearly, as the current increases so does the flux density. 
Thus, a nonmagnetic core is characterized by a linear relationship between flux 
density, B, and magnetizing force, H. 


If the coil current is decreased to zero, the flux density will also decrease to zero. If 
the polarity of the voltage source is reversed and the experiment repeated, the only 
difference will be in the direction of current flow through the coil and the resulting 
polarity of the magnetic field. Thus, if the top of the coil was a north magnetic pole, 
and the bottom a south magnetic pole for one voltage polarity, it would be just the 
opposite when the voltage source was reversed. 


Figure 4-17B indicates what happens if the coil is wound on a form containing a soft 
magnetic core. Since the core is a magnetic material, it offers little opposition to the 
passage of magnetic flux. Thus, when current flows through the coil, the magnetic 
field within the core will be much more concentrated than it was with the 
nonmagnetic core. Consequently, a coil with a magnetic core exhibits considerably 
more inductance than it would if its core was a nonmagnetic material. 


Note in Figure 4-17B that a point is reached where further increases in coil current 
do not produce any appreciable increase in flux density. This occurs because the 
magnetic field produced by the coil current, ls, in Figure 4-17B, is sufficiently strong 
to align virtually all the molecular magnets in the core material. The core at this point 
is magnetized as much as it can get, and is said to be saturated. As you will see 
shortly, saturation is usually an undesirable condition for real inductors and, thus, 
should be avoided if at all possible. 


If the coil current is reduced to zero, the core will return to its initial unmagnetized 
state, because the molecular magnets in a soft magnetic material can remain 
aligned only in the presence of an external magnetic field. 
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Figure 4-17C indicates what happens if the coil is wound on a form containing a hard 
magnetic core. Assuming the core is initially unmagnetized, the results of this 
experiment may be summarized as follows: 


1. Starting from zero, increasing the coil current increases the flux 
density until saturation is reached at point 1. 

2. Asthe coil current is decreased to zero, the flux density decreases 
from the saturation value to the value corresponding to point 2. If you 
removed the core from the coil at this time, you would have a perma- 
nent magnet, since the molecular magnets of a hard magnetic mate- 
rial have the ability to remain aligned when the external magnetic 
field is reduced to zero. 

3. То demagnetize the core, you must reverse the direction of the coil 
current. Thus, if you reverse the polarity of the voltage source and 
gradually increase the voltage, sufficient current will flow to decrease 
the flux density from the value corresponding to point 2 to zero, which 
corresponds to point 3. 

4. If the coil current is increased further, the flux density will increase 
until the core is saturated as indicated by point 4. Naturally, the 
polarity of the magnetic field at point 4 is just the opposite of what it is 
at point 1. 

5. As the coil current is decreased to zero, the flux density decreases 
from the saturation value to the value corresponding to point 5. 

6. Once again, to demagnetize the core the direction of the coil current 
must be reversed. Thus, reversing the polarity of the voltage source 
and gradually increasing the voltage produces sufficient current to 
decrease the flux density from the value corresponding to point 5 to 
zero, which is indicated by point 6. Further increases in current would 
bring you back to point 1, thus, completing the cycle. 


The curve shown in Figure 4-17C is called a hysteresis loop. The area enclosed by 
a hysteresis loop is a measure of the energy required to reverse the directions of the 
molecular magnets in the core material, and represents a loss. Thus, hard-core coils 
with pulsating DC, or AC, always experience some hysteresis loss due to the fact 
that at least a portion of the hysteresis loop will be repeated each cycle. Also, since a 
constant amount of energy is expended each cycle due to hysteresis, these losses 
increase with frequency. 


Recall that a voltage is induced in a conductor whenever there is relative motion 
between the conductor and a magnetic field. Thus, when the current through a coil is 
changing, the varying magnetic field that is generated induces voltages in the core. 
Since magnetic cores are good conductors of electricity, as well as flux, the induced 
voltages establish circulating core currents called eddy currents. Both hysteresis 
and eddy currents result in core heating, which, of course, represents a power loss. 
Eddy current losses also increase as the frequency of the pulsating DC or AC coil 


current increase. 
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Not all the flux generated by the changing coil current passes through the core. A 
small portion of the generated flux passes through the surrounding air rather than 
the core, and is referred to as leakage flux. Voltages can be induced in adjacent 
components by the leakage flux. This, of course, is undesirable. Moreover, as the 
core material approaches saturation, the so-called flux leakage loss increases 


substantially. For this reason, coils are normally operated well below the saturation 
point. 


Permeability is a measure of the ability of a material to conduct magnetic lines of 
force. Thus, the permeability of a material in a magnetic circuit is analogous to the 
conductance of a material in an electrical circuit. By definition, the permeability of a 
vacuum is 1. By comparing the permeability of a material to that of a vacuum, you ob- 
tain the material’s relative permeability, м, Table 4-7 provides the relative per- 
meabilities of selected materials. 


Material Relative Permeability, м, 


Cobalt 


Permalloy* 100,000 


Supermalloy** 1,000,000 


*Permalloy — 1796 iron, 4% molybdenum, 
79% nickel. 
**Supermalloy — 16% iron, 5% molybdenum, 
79% nickel. 





Table 4-7 
Relative permeabilities for selected materials. 
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By knowing the relative permeability of a material, you can calculate the change in 
inductance resulting from different core materials. This is shown in the following 
example. 


Example 4-5 


A single-layer, 160-turn coil is wound on a hollow core that is 2 
inches long, and has a diameter of 0.5 inches. Estimate the in- 
ductance of the coil. What is the new value of inductance if the 
core material is cobalt? Nickel? 


Equation 4-7 can be used to compute the inductance for the air- 
core coil. 


"e uns [(0.25)(160)? 1600 





Е er- 10:  9(025)4-10(9) 92225 
L = 71.94H 
Table 4-7 indicates м, = 170 for cobalt. Therefore, 
L = uL, = 170(71.94H) = 12.2mH 
Similarly, for nickel м; = 1000 and 


L = 1000(71.9ҺН) = 71.9mH 
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Mutual Inductance 


Inductance, or more accurately self inductance, is the property by which a coil, 
whose magnetic field is varying, induces a voltage in itself. This process, referred to 
as self induction, is detailed in Unit 2 and Unit 3. 


Since a voltage is induced in a conductor whenever there is relative motion between 
the conductor and a magnetic field, itis possible for the varying magnetic field of one 
coil to induce a voltage in an adjacent coil, and vice versa. This process is called 
mutual induction. Furthermore, if a current change of one ampere per second in 
one coil induces a voltage of one volt in an adjacent coil, the two coils are said to 
have a mutual inductance of one Henry. 


The amount of mutual inductance that exists between two adjacent coils depends 
upon the degree of coupling between them. For example, if all the magnetic lines of 
force produced by one coil cut the turns of another coil, the degree of coupling 
between the two coils is 10096. Similarly, if none of the magnetic lines of force pro- 
duced by one coil cut any turns in an adjacent coil, the degree of coupling is 0%. 


The degree of coupling between two coils is indicated by the coefficient of 
coupling, К. A coefficient of coupling of one, (К = 1) represents 100% coupling of 
the magnetic lines of force. Similarly, for degrees of coupling of 6096, 50%, and 0% К 
would have values of 0.6, 0.5, and 0, respectively. Clearly the possible range in 
values for k are: 


0<К<1 (Ед. 4-9) 


The term tight coupling refers to К values close to one. This indicates that a majority 
of the flux produced by one coil cuts the turns of an adjacent coil. In practice, tight 
coupling is usually achieved by winding two coils on the same magnetic core, or by 
placing two air-core coils very close to each other. Similarly, the term loose 
coupling refers to k values close to zero and indicates that very little of the flux 
produced by one coil cuts the turns of an adjacent coil. 
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In practice, loose coupling results when two coils are very far apart, or at right angles 
to each other as shown in Figure 4-18A. In Figure 4-18B, the coils are closer 
together, and positioned so that some of the flux of the first coil cuts the turns of the 
second coil. Consequently, a voltage is induced in the second coil as shown. In 
Figure 4-18C, the two coils are effectively wound on the same magnetic core. Since 
the magnetic core offers little opposition to the passage of flux, nearly all the flux from 
the first coil cuts the turns of the second coil. In this case, the voltage induced in the 
second coil will be maximum. 





ZERO COUPLING 
к= 0 





SOME COUPLING 
0<К<1 


Figure 4-18 
The concept of mutual induction. 
A. Zero coupling. 
B. Some coupling. 
C. Maximum coupling. 





MAXIMUM COUPLING 
k=] 


Real Circuit Components 


If you know the value ofthe coefficient of coupling for two coils, you can compute the 
mutual inductance from the following formula: 


Ln =kVL,Lə (Ед. 4-10) 
where L» = mutual inductance in Henries (Н) 
k — coefficient of coupling 


L; Lə = self-inductance of each coil in Henries (Н) 


The presence of mutual inductance complicates the calculation of the equivalent in- 
ductance of series-connected and parallel-connected coils. Specifically: 


For two series connected coils: 


Lr = L, + L + 2L, aiding fields (Eq. 4-11) 
Lr = L, + L — 21 opposing fields (Eq. 4-12) 


Similarly, for two parallel connected coils: 


das CO дее! aiding fields (Еа. 4-13) 
LE: ek, Bee 








Лела я... | opposingfields (Еа. 4-14 
ИР ЕНЕ 2 ү, 


If the coils are wound in the same direction, their magnetic fields aid each other. Соп- 
sequently, you would use Equation 4-11 or Equation 4-13 to calculate the total in- 
ductance depending upon whether the coils were connected in series or parallel. 
Similarly, ifthe coils are wound in opposite directions, Equation 4-12 and Equation 4- 
14 are applicable, since the magnetic fields oppose each other. 


Types of Coils 


Coils are usually classified by the type of material used to make the core. The 
following is a brief description of the more common types of coils available. 


Air-core. These coils are wound on either a hollow or solid nonmagnetic core. Here, 
the core simply provides support for the turns of wire. Where heavy rigid wire is used 
to wind the coil, an actual core may not be required. Air-core coils have low values of 
inductance, cannot be saturated, and are used primarily in high frequency applica- 
tions. 
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Ігоп-соге. Here, the core material is iron, or one of its alloys. Since iron has a large 
relative permeabilty, large values of inductance are possible. Typically, iron-core 
coils, or chokes, have inductances ranging from less than 1H to 40H or more. 
Hysteresis and eddy-current losses limit iron-core chokes to power line and audio 
frequency applications. 


In an attempt to minimize hysteresis losses, the core is made from a soft magnetic 
material such as silicon steel. Figure 4-19 illustrates the steps taken to minimize 
eddy-current losses. As you can see, the core is constructed from numerous thin 
laminated sheets rather than one solid piece. A laminated core has the same 
magnetic properties as a solid core. However, since each lamination is coated with 
an insulating varnish, current cannot flow from one sheet to another. Consequently, 
the eddy currents are restricted to a single sheet of metal. Since the resistance of 
each sheet is relatively high, the magnitude of the eddy currents is greatly reduced 
as shown in Figure 4-19B and Figure 4-19C, respectively. 






=—— ; 





TYPICAL CORE 






p 
LARGE. EDDY EE SMALL EDDY 
7 CURRENTS ee CURRENTS 


SOLID CORE 
Figure 4-19 
Laminated core construction of an iron-core choke. 
A. Typical core. 
B. Solid core. 
C. Laminated core. 
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Powder-iron core. These cores consist of finely powered iron or iron alloys that 
have been mixed with a binder material. The function of the binder is not only to hold 
the powdered iron particles together, but also to electrically insulate one particle 
from another. This construction reduces eddy-current losses in the same way that 
laminated sheets do in iron-core chokes. Powder-iron core coils can be used at 
much higher frequencies than iron-core coils, although their inductance values are 
much lower. 


Ferrite core. Ferrites are ceramic materials composed of iron and various other 
elements. These materials are excellent magnetic conductors and poor electrical 
conductors. Consequently, eddy-current losses are inherently small. The exact 
chemical composition of a ferrite determines its specific properties. Some ferrites 
are suitable for low frequency applications, while others are more suitable for high 
frequency applications. 


One type of high frequency choke is made by sliding a small cylindrical-shaped 
ferrite bead on a wire. Due to its high permeability, the ferrite bead increases the 
inherent inductance of the wire. Naturally, only small inductance values may be 
obtained in this way, but such inductors are very useful in high frequency 
applications. 


Toroidal core. This type of coil gets its name from the shape of the core, which 
resembles a donut. The core material is usually powdered-iron, or ferrite. Toroidal 
coils offer reasonably high values of inductance with comparatively little wire. In 
addition, virtually all the flux flows in the core, resulting in very little flux leakage loss. 


Movable core. These coils have powdered-iron or ferrite cores that can be moved in 
and out of the coil via a screw-type adjustment. Consequently, the inductance value 
can be varied. These variable inductors are often used with capacitors to form tuned 
circuits in radio receivers. 


Printed circuit board core. Here, the inductor is simply a spiral of copper foil on a 
printed circuit board. The principle advantage of this is that the coil is formed when 
the printed circuit board is being made. Obviously, only small inductance values are 
possible with this technique, which limits its use to high frequency applications. 
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Figure 4-20 illustrates the more common types of coils and their schematic symbols. 
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Figure 4-20 = “= 


Typical coils and their schematic symbols. 


ттоош> 


Аїг-соге inductor. SCHEMATIC SYMBOL 


Printed circuit board inductor. 


. lron-core inductor. 
. Toroidal inductor. 


Ferrite bead inductor. 
Variable inductor. 
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Coil Resistance 


In addition to hysteresis, eddy-current, and flux-leakage losses, real coils dissipate 
power due to the resistance of their windings. These losses are referred to as 
copper, or I?R losses, to distinguish them from the core losses discussed 
previously. In Unit 3 we reviewed the characteristics of series and parallel resonant 
circuits. At that time, however, the effects of coil resistance were not considered. As 
you will see, the resistance of real coils, especially in tuned circuits, directly effects 
the overall characteristics of the coil and the circuit in which it is used. To begin, 
consider the following example. 


Example 4-6 


Work out the input impedances for the circuits shown in Figure 
4-21A and 4-21B. Also determine the О for each circuit and 
discuss the results. 


By inspection, the impedance of the circuit in Figure 4-21A is: 
Zin = 1000 + j1kQ 
Similarly, for the circuit in Figure 4-21B, 


Zin = 10.1kQI]j1.01k 





2. = 10.1k(j1.01k)  _ j10.201k2 
in —À 
10.1k + j1.01k 10.1k + j1.01k 
A B 
1000 
10. 1KQ ОЛ 

| імко | 

ИТ Z|N 
Figure 4-21 


A series and parallel AC circuit. 
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Multiplying numerator and denominator by the conjugate of the denominator yields: 


j10.201k? . 10.1k— j1.01k 


Ж ae ose UM us 
" 40.1k + 41.01k 10.1k—j1.01k 
2. . 10.3086 + j103.03k? 
"' "03K + (1.01Қ)2 
10.303k3 + j103.03k3 
Zn Tas baz 000 + j1kO 
|х 


Recall that for a series circuit, the quality factor Q = *. Similarly, for a parallel cir- 


cuit Q = XT 
i" 


Thus, forthe series circuit in figure 4-21A, Q -1К0/1000 = 10. The Q of the parallel 
circuit in Figure 4-21B is Q = 1.01К0/10.10 = 10. 


R 


Since the input impedance and quality factor of each circuit is the same, a signal 
source connected to either circuit would supply identical values of current, voltage, 
and power. Consequently, from the point of view of the signal source, the circuits are 
identical. In general then, we conclude that: 


At a particular frequency, an AC circuit can be represented by either a 
series equivalent circuit, or a parallel equivalent circuit. 


For purposes of analysis and design, you can use either the series or parallel 
“model” of an inductor. Also, to convert from one model to the other, you can use the 
following formulas, which are derived in Appendix A. 
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Parallel-Series Conversion 


Refer to Figure 4-22А. 





(Eq. 4-15) 





= (Eq. 4-16) 





Т1 
Q? 
A B 
Rs 
Rp Lp 
Ls 
SERIES EQUIVALENT PARALLEL EQUIVALENT 
Lp 
Іс = —— - ЛЕ 
1-5 тз | z| 
Rp 3 
Rs = Rp = Rs (02 +1) 
02 +1 


Qs *|Xis| = Ор = Rp =Q 
Rs ІХІРІ| 





Ғідиге 4-22 


At a particular frequency, а real inductor сап be 
modeled by either a series or parallel equivalent circuit. 
A. Series equivalent. 
B. Parallel equivalent. 
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Series — Parallel Conversion 


Refer to Figure 14-22B. 
Rp = В, (02 + 1) (Ед. 4-17) 


L=L0+1) (Еа. 4-18) 
Q2 


For values of Q > 10, (Q? + 1) = Q? and [1 + z) == 1. Consequently, for such “high 
Q” coils, you can use the following approximate formulas. 
R = Q2RS (Ед. 4-19) 
TR к 

А, = e (Eq. 4-20) 

Ы (EG. 42021) 
Recall that the impedance of an ideal resonant tank circuit is infinite. The resistance 
of a real coil primarily determines the impedance of a practical tank circuit at 
resonance as shown in the following example. 


Example 4-7 


A 50.64 mH coil has a resistance of 1570. The coil is placed in 
parallel with a 0.005uF capacitor to form a tank circuit that is 
resonant at 10kHz. Calculate the Q of the coil. Also, sketch the 
parallel equivalent circuit and predict the impedance at 
resonance. 


At the 10kHz resonant frequency, 
X, = іші. = (2т x 104) (50.64 х 103) = j3.18kQ. 


wl ETE 
өс (2m x 104) (5 x 109) 


The Q ofthe coil is, therefore, 


_ Xs _ 3.18kQ 


Since О > 10, you can use the approximate formulas to determine the parallel 
equivalent circuit. Thus, 


R, = Q?R, = (20.3? (1570) = 64.7КО 


Lp = L, = 50.64mH 


Also, since L, = Ls, Хр = Xig = j3.18kQ 
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Figure 4-23A and 4-23B illustrate the original tank circuit and its frequency domain 
equivalent circuit at 10kHz. Similarly, Figure 4-23C and Figure 4-23D illustrate the 
parallel equivalent circuit and its frequency domain equivalent circuit at 10kHz. Note 
in Figure 4-23D, that the impedance of X, ||X. is infinite. Consequently, the total im- 
pedance of the circuit equals А, which is 64.7КО, as shown in Figure 4-23E. 


A B 
50. 64 13.18 
mH ко -13.18 
0.005 uF Ко 
170 170 


ИИ ШЕЕ FREQUENCY DOMAIN EQUIVALENT 





64.7 50.64 == 0.005 uF Ad 
KQ mH 
PARALLEL EQUIVALENT CIRCUIT FREQUENCY DOMAIN EQUIVALENT 
E 


— 64.7 Figure 4-23 
KQ 


Circuits for Example 4-7. 
Z|N . Original tank circuit. 
. Frequency domain equivalent 
. Parallel equivalent circuit. 
. Frequency domain equivalent. 
. Equivalent circuit at resonance. 


EQUIVALENT CIRCUIT AT RESONANCE 


mooou2r» 
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In example 4-7, the effect of the capacitor's leakage resistance was not considered. 
Figure 4-24 shows you how a capacitor's leakage resistances, В, дк, САП be taken 
into account. As you can see, the tank impedance at resonance simply equals 
А.А, АК. Since most capacitors have values of Ң| ғақ >> Rp, you can usually ignore 
the leakage resistance of a capacitor in a tank circuit. 





Ls 
C 
Rs 
PRACTICAL TANK CIRCUIT 
B С 
(2 
——— 6 
Lp RLEAK 
Q 
PARALLEL EQUIVALENT AT RESONANCE 2тдмк ~ Ёр|] К.ЕАК 


Figure 4-24 
The effect of series coil and shuntleakage resistance on 
a practical tank circuit at resonance. 
A. Practical trank circuit. 
B. Parallel equivalent. 
C. Atresonance Zrank = Roll Виклк. 
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Self-Test Review 


30. The inductance of a single-turn air-core coil depends upon the number of 
turns and the coil's 





31. A GN A magnetic material retains its magnetism when re- 
moved from a magnetic field. 
32.  lron-core coils have laminated cores to reduce Ж losses. 


33. A saturated core exhibits significant 
34. The process by which one coil induces a voltage in an adjacent coil is called 





EI M UNO induction. 

ЕЕ Е. - core coils cannot be saturated. 

36. | | соге coils have large inductance values, but can 
only be used at relatively low frequencies. 

gy ci БИЕ — coils have very little flux leakage loss. 

38.  Acoil with а nonmagnetic core has an inductance of 65 uH. If an iron core was 
used, the inductance would be mH. 


39. А25ыН and a 44H inductor are connected in series so that their magnetic 
fields aid each other. If the coefficient of coupling is 0.8, the total inductance is 


40. A253.3mH coil whose resistance is 106.050 in parallel with a 0.1ҺҒ capaci- 
tor. The impedance ofthe circuit is atthe circuit's 1КН2 
resonant frequency. 
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Answers 


30. geometry or shape . iron 

31. hard . toroidal 
32. eddy-current . 455mH 
33. flux-leakage .  454H 
34. mutual .  23.86kQ 
35. air 





The solutions to questions 38, 39, and 40 follow. 

38. Table 4-7 indicates that the relative permeability for iron is 7000. Thus 
L = w, Lo = 7000 (65H) = 455mH 

39. Тһе mutual inductance, Lm, is first determined. 


Lm = КМ, = 0.8 V25 (4) 1072 
Lm = 8H 


For two coils connected in series with aiding magnetic fields, the total induc- 
tance is: 


іт-і, tL +20 
іт = 25 + 4 + 2(8) 
Lr = 45ыН 


40. The impedance of the tank circuit at resonance essentially equals R,. Thus: 


X, = јс = (2т x 103) (253.3 x 103) 
X, = |1590.70. 


о = Msl 15907. 45 
В, 106.05 


Since О > 10, R, = О? R, = (15)? (106.05) 
Rp = 23.86kQ 


Real Circuit Components 4-65 


SUMMARY 


The following points summarize the key ideas of this unit. 


All real components exhibit the properties of resistance, capacitance, and 
inductance. Real resistors, capacitors, and inductors are designed to optimize one 
property while minimizing the other two. Typically, component values vary with 
changes in time, temperature, voltage, frequency, and many other factors. 
Generally speaking, the selection of a particular type of resistor, capacitor, or 
inductor should be based on the characteristics of the component and the circuit in 
which the component will be used. 


Carbon composition resistors are inexpensive, and available in a wide range of 
standard resistance values. Their resistance changes with temperature, voltage, 
and frequency. Consequently, carbon composition resistors are not suitable for 
applications requiring precise resistance values. Wire-wound resistors are available 
in both precision and high power varieties. The disadvantages of wire-wound 
resistors include their relatively high cost and inherent inductive nature. This 
inductive nature makes wire-wound resistors unsuitable in high frequency 
applications. Numerous film resistors are available whose characteristics fall 
between the extremes of composition and wire-wound resistors. Іп many 
applications, film resistors are the preferred type. 


The number of different types of capacitors available is quite large. This fact alone 
makes the task of selecting a particular capacitor for a given application more 
complex than the selection of a suitable resistor. Factors like leakage current, 
insulation resistance, and quality factor should be considered when selecting a 
capacitor for a particular application. The capacitor selection guide provided in this 
unit should help you become familiar with the major characteristics of the more 
common capacitor types. 
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Of the various components discussed in this unit, inductors are the least ideal. The 
inductance of a coil with a nonmagnetic core depends upon the number of turns and 
geometry of the coil. Using a magnetic core material, substantially increases the 
inductance of a coil. 


Soft magnetic materials are used for inductor cores to minimize hysteresis losses. 
Eddy-current losses are reduced by using laminated cores rather than solid cores. 
Normally, saturation is avoided to minimize flux-leakage losses. The total 
inductance of series and parallel coil combinations is altered by the presence of 
mutual inductance. Formulas for computing the total inductance of two coils 
connected in series or parallel, with either aiding or opposing magnetic fields, were 
provided in the text. 


The effects of coil resistance on the resonant impedance of a practical tank circuit 
can be determined by using the parallel equivalent circuit of the coil. The equations 
necessary to convert from the series equivalent to the parallel equivalent circuit and 
Vice versa are provided in the text. 


Real Circuit Components | 4-67 


UNIT EXAMINATION 


1. Тһе two most widely used resistor types are the: 
A. Сегтеї film and metal film. 
B. Metal film and bulk film. 
C. Carbon composition and bulk film. 
D. Wire-wound and carbon composition. 


2. Volume controls change resistance in a: 
A. Linear manner. 
B. Nonlinear manner. 
C. Circular manner. 
D. Constant manner. 


3. Тһе cross-sectional area of wire is usually given in: 
A. Square inches. 
B. Square centimeters. 
C. Square mils. 
D. Circular mils. 


4. The resistor type that can dissipate the most power is the: 
A. Wire-wound. 
B. Carbon composition. 
C. Carbon film. 
D. Metal film. 


5. Most materials have temperature coefficients that: 
A. Аге negative. 
B. Are positive. 
C. Are zero. 
D. Vary greatly with time. 


6. Тһе type of capacitor least likely to change value with temperature is a: 
A. Low-k ceramic capacitor. 
B. Aluminum-oxide electrolytic capacitor. 
C. Paper capacitor. 
D. High-k ceramic capacitor. 


7.  Equalizing resistors are used with: 
A. Series-connected electrolytic capacitors. 
B. Shunt-connected tantalum oxide capacitors. 
C. Shunt-connected electrolytic capacitors. 
D. Series-connected mica capacitors. 
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10. 


1: 


Пе, 


13. 


А low-loss capacitor would have а: 
A. LowQ value. 
B. High D value. 
C. Large ESR value. 
D. Low D value. 


A short shelf life is characteristic of a/an: 
A. Aluminum-oxide electrolytic capacitor. 
B. Polystyrene film capacitor. 
C. Tantalum-oxide electrolytic capacitor. 
D. Mica capacitor. 


For effective coupling and bypassing: 
A. Rn >> |х. 
B. |Xg| >> R4 
C. Втн- |Хсі. 
D. х = BEES. 


Hysteresis losses: 
A. Decrease as frequency increases. 
B. Arehigh in soft magnetic materials. 
C. Are high in hard magnetic materials. 
D. Are high in nonmagnetic materials. 


A material whose relative permeability is 1: 
A. Contains iron. 
B. Ilsa ferrite. 
C. Isa poor magnetic conductor. 
D. Easily concentrates magnetic flux lines. 


The process by which one coil induces a voltage in an adjacent coil is called: 
A. Mutual induction. 
В. Self induction. 
C. lonization. 
D. Fluxleakage. 
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14. Two coils that are tightly coupled have a coefficient of coupling that is: 
A. Muchless than 1. 
B. Much greater than 1. 
C. Slightly less than 1. 
D. Zero. 


15.  Acoilhasa series resistance of 100 and a О of 50. The equivalent parallel re- 
sistance is, therefore: 


A. 100 
B. 25k0 
C. 25000 
D. 1КО 


16. Atemperature coefficient of 200 ppm/°C is equivalent to: 
A. 200% FC. 
B. 0.000200% PC. 
C. 0.002% /°C. 
D. 0.02% /°C. 


17. A capacitor marked NPO: 

Is probably a high-k ceramic capacitor. 

Has a positive temperature coefficient. 

Has a negative temperature coefficient. 
Has a zero temperature coefficient. 


Dow 


18. Saturation does not occur in: 
A. |гоп-соге coils. 
B. Ferrite-core coils. 
C. Air-core coils. 
D. Low-Q coils. 
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EXAMINATION ANSWERS 


Carbon composition and bulk film resistors are the most widely used 
resistor types due to their low cost, and wide range of standard resist- 
ance values. 


Volume controls are logarithmic or "audio taper" potentiometer, which 
change resistance in a nonlinear manner. 


In the United States, the cross-sectional area of wires is expressed in 
circular mils. 


Wire-wound resistors can dissipate large amounts of power. Some 
wire-wound resistors can dissipate 200W or more. 


Most materials have positive temperature coefficients. 


Low-k ceramic capacitors can be made that have a temperature 
coefficient that is essentially zero. 


Due to their low values of leakage resistance, equalizing resistors are 
usually used for series-connected electrolytic capacitors. 


Low-loss capacitors have high Q's. Since D — 1/Q, low-loss capaci- 
tors have low D's. 


Aluminum-oxide electrolytic capacitors have short shelf lives. 


For effective coupling and bypassing, Вун >> |Хс|. As a rule of thumb, 
good coupling and bypassing occurs if Xc| = Вты/20. 
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12. 


13. 


14. 


15. 


16. 


18. 


Hard magnetic materials have large hysteresis losses. 


A relative permeability of 1 indicates that a material has the same per- 
meability as air, which is a poor magnetic conductor. 


Mutual induction is the process by which one coil induces a voltage 
into an adjacent coil. 


Tight coupling means the coefficient of coupling is slightly less than 1. 


Since О > 10, the equivalent parallel resistance is Q?R, or (50)? (10), 
which equals 25КО 


o^ - _ 200 o .02 кєл _ qo, р 
200 ppm/°C 1000000 °C or +00 FC = .02% C. Remember, 


percent means parts per hundred. 
The designation NPO means zero temperature coefficient. 


Air-core coils cannot be saturated. 
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Appendix А 


DERIVATION ОҒ EQUATIONS 
4-15 THROUGH 4-18 


In Figure 4-22A, the impedance of the series circuit is, by inspection, Zs = В; + 
іші. 


Similarly in Figure 4-22B, the impedance of the parallel circuit is Z, = E,||jwL,. Thus: 


Z = R бәр) =  jeL,R, 
R, + joL, Ар + joL, 


Multiplying the numerator and denominator by the conjugate of the denominator 
yields: 





z, = іш, .НҢь-іші, 
А. + јәс,  R,-jol, 


2, = Rod An + jol, Re? 
A Se ma 


z = LFR, , eLR 
"7 +12 Вто 


Since Z, = Z,, the real and imaginary parts of 2, апа 2; are equal. Thus, equating 
the real parts: 


в. - «1А 
г 


Dividing numerator and denominator by «2,2 








А, = Rp = Rp 
Ro? +1 ( R, Jo 
өлу el, 
Since Ор = Ro = Q, we have 
oL, 
аа (Ед. 4-15) 


4-14 UNIT FOUR 


Equating the imaginary parts 


wl, = bp Fer _ 
Rpt oL? 

самы A: 
R; + өз? 


Dividing numerator and denominator by R,? 





ee Lp - Ly 
Troh? dba? 
Ry? р 
Since Q, = Pe the term © = 1 
ol, В, О 
Тһи$: 
L =» (Е@.4-16) 
Ua 
О? 


The formulas for R, and L, are obtained Бу solving Equation 4-15 for Rp, and Equa- 
tion 4-16 for Lp. 


R, = R,(Q?- 1) (Ед. 4-17) 
= 1 с 
= 1 +4 (Eq. 4-18) 


Note that for Q = 10 the following approximations are useful: 
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INTRODUCTION 


Virtually all electronic systems require a source of DC power, or power supply. In 
portable equipment, the power supply may simply consist of one or more batteries. 
Batteries, however, can be expensive and must be replaced periodically. Con- 
sequently, when a source of AC power is available, itis usually more economical to 
use apower supply that converts the AC powerto DC power. In this unit, you will be- 
come familiar with the various sections of typical power supplies. In addition, you will 
learn how to design power supplies that can provide positive, negative, or both posi- 
tive and negative voltages. 
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UNIT OBJECTIVES 


When you have completed this unit, you should be able to: 


—À 


Soo 


State four applications for transformers. 
Calculate the secondary voltage, primary and secondary currents, and effec- 
tive primary resistance when the turns ratio and input voltage are known. 
State typical turn-on voltages for Germanium and Silicon diodes. 
Select component values so that a diode's forward resistance, reverse resist- 
ance, and turn-on voltage will be negligible. 
Identify the following rectifier circuits: 

A. dHalf-wave. 

B. Center-tapped. 

C. Bridge. 

D. Dual-supply. 
Calculate the following quantities for the four rectifier circuits: Average diode 
and load currents, peak diode and load currents, average diode and load volt- 
ages, and the peak inverse voltage. 
Define percent ripple, percent voltage regulation, and smoothing factor. 
Analyze and design a capacitor-input filter. 
Analyze and design a choke-input filter. 
Analyze and design cascaded filter sections. 


Unregulated Power Supplies | 5-5 


UNIT ACTIVITY GUIDE 


Read section on "Transformers and Diodes." 
Answer Self-Test Review questions 1-12. 
Perform Experiment 5 in Unit 8. 

Read section on "Rectifier Circuits." 

Answer Self-Test Review questions 13-27. 
Perform Experiment 6 in Unit 8. 

Read section on "Smoothing Filters." 


Answer Self-Test Review questions 28-41. 





Perform Experiment 7 in Unit 8. 
Study Summary. 


Complete Unit Examination. 


LE). GE] Xd C] wk иара ао" i Me 


Check Examination Answers. 
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TRANSFORMERS AND DIODES 


A transformer is a device that transfers energy from one circuit to another without a 
direct connection between the two circuits. In its simplest form, a transformer con- 
sists of two conductors that are magnetically coupled. Thus, the transfer of energy 
from one circuit to the other is accomplished by the process of mutual induction. 


The construction details of transformers are similar to those discussed for inductors 
in Unit 4. Transformers designed for power line and audio frequencies, for example, 
use iron cores to achieve tight coupling between the primary and secondary circuits. 
Since core losses increase with frequency, transformers designed for high fre- 
quency operation normally have nonmagnetic cores. In this unit, the emphasis will 
бе оп ігоп-соге transformers, since these are the type of transformers used in power 


supplies. 
М M 
өз т-------------<: 
| pep — д 
1 
C м | 
Q 


PRIMARY CIRCUIT SECONDARY CIRCUIT 





Figure 5-1 


An ideal transformer. 


The ideal Transformer 


Figure 5-1 illustrates the schematic symbol for an iron-core transformer. Note that 
the coil connected to the AC voltage source is called the primary winding, while the 
coil connected to the load, R, is called the secondary winding. The operation of the 
transformer may be summarized as follows: 


1. A changing primary current, l4, produces changing flux surrounding 
the primary winding. 

2. Thechanging primary flux cuts the turns of the secondary winding — 
thereby inducing a voltage, V2, in the secondary winding. 
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3. Since the voltage across В, is Vz, the secondary current, l>, equals 
VRL. 

4. The effective resistance seen by the voltage source driving the 
primary winding is by ohms law: В; = V4/l. 


The efficiency of a transformer is defined as the ratio of the secondary, or output, 
power to the primary, or input, power. Since an ideal transformer is assumed to have 
no losses, all the power supplied to the primary circuit is delivered to the secondary 
circuit. Consequently, the efficiency of an ideal transformer is 10096. Based on this 
fact, we can derive the following relationships. 


Since Pi, = Pout: Vil, must equal Volo. Thus, the ratio of V, to V2 is: 


The number of primary and secondary ampere turns are equal. Thus, ІІМ, must 
equal I5N;. The ratio of l4 to 1, is therefore: 


ESEN 
— (Eq 52) 
à 


es: 
I N 


From Equation 5-2, you can see that = E Es 


1 2 


Substituting DE for 2 into Equation 5-1 yields: 


1 1 


Once again, assuming Pin = Pou, it follows that 1,2R, must equal I;? Rz. Solving for 
R, you obtain: 





Since |, equals N,, you have: 
l; М; 


Ni Ға Eq. 5-4) 
А; = No 2 (Eq. 
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Equations 5-1 through 5-4 describe the characteristics of an ideal transformer. In 
these equations, each term is defined as follows: 


М; = primary voltage in volts (V). 

М» = secondary voltage in volts (V). 

l4 = primary current in amperes (A). 

lə = secondary currentin amperes (A). 

Rə = secondary load resistance in ohms (О). 

R, = effective primary resistance in ohms (Q). 

N,, № are respectively the number of primary and secondary turns. 


Collectively, Equations 5-1 through 5-4 suggest the following applications for a 
transformer. 


n Step-up transformer — If №, > N4, the secondary voltage, Vs, will be larger 
than the primary voltage, V,. Thus, if a load requires a larger AC voltage than 
the available line voltage, you could use a step-up transformer. 


2. Step-down transformer — If №, < N,, the secondary voltage, Vs, will be less 
than the primary voltage, V4. Since the voltages required by most electronic 
devices are small compared to the 110V —120V rms line voltage, a step-down 
transformer is normally used in the "front-end" of most power supplies. 


3. Isolation transformer — If №, = N4, the secondary and primary voltages will 
be equal. Frequently, a repairman will use a 1:1 isolation transformer to isolate 
a transformerless chassis from the AC line voltage while he is repairing 
electronic equipment. 


4. Impedance matching transformer — The ratio of №, to №, is called the turns 
ratio. Equation 5-1 indicates that the effective primary resistance, R, 
depends upon the value of the turns ratio, and the secondary load resistance, 
Re. If a low resistance load is connected directly to the output of a high 
resistance source, very little power will be transferred from the source to the 
load. By placing a step-down transformer between the source and load, the 
low resistance load appears as a much larger resistance to the source. In this 
way, the low resistance load can be “matched” to the high resistance source in 
order to achieve the condition of maximum power transfer. 


Example 5-1 


Calculate the values of the primary current, secondary current, 
and secondary voltage for the ideal transformer in Figure 5-2. 
Also calculate the effective primary resistance, R,. 
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4:1 
—э 
H b 
120V V2 |! 0. 5kQ 
rms | 
Еїдиге 5-2 
Circuit for Example 5-1. 
V2 № 
У; № 120V (1 
Thus: М„ = — ы LU = 30V rms 
М, 4 
Since V5 = 30V апа R, = 0.5кО 
У, 30V 
lb = = — = 60mA 
А, 0.5kQ 
м № 
b № 
I, (№ 60mA (1 
Thus: L = FLUE mia O IA 
М, 4 


Note that when the voltage is stepped down, the current is stepped up. Similarly, if 
voltage is stepped up, the current is stepped down. 


В, = eu. В; = (42 (0.5kQ) = 8kQ. 


2 


R, represents the effective primary resistance as seen from the source. You can 
verify this fact by using ohms’ law to calculate the primary current l,. Specifically: 





NONE EU 
В, 80 


which agrees with the value of |, calculated previously. 
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Example 5-2 


Calculate the primary current in Figure 5-2 if the 0.5kN load re- 
sistor is removed from the circuit. 


With the 0.5k resistor removed from the circuit, the secondary load resistance, R3 
is infinite. Consequently, the effective primary resistance, R4 is (4)? (о) which is also 
infinite. Thus, the 120V rms source sees an infinite load resistance. Since 1, = 
120V/co, 1, has a value of OA. Ideally then, a transformer with no load resistance con- 
nected to its secondary winding draws no current from the source. 


Example 5-3 


The Thevenin equivalent circuit for an amplifier consists of a 5V 
rms AC source in series with a 2.5k(2 resistoras shown in Figure 
5-3. What turns ratio is required for the impedance matching 
transformer, so that maximum power is delivered to the speaker 
whose effective resistance is 160? 


2. 5kQ Ny: No 
у (2 S 
rms ~ 
Ro * 160 
Ғідиге 5-3 


Circuit for Example 5-3. 


For maximum power transfer, the effective primary resistance, R4, should equal the 
Thevenin resistance of the amplifier. Solving Equation 5-4 for the turns ratio № 
yields: № 


N = И № = /25К0 -125 
№, В, 160 


Thus, the required turns ratio is 12.5 to 1. 
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Real Ігоп-Соге Transformers 


Real transformers always have some hysteresis, eddy current, copper, and flux 
leakage loss. In designing transformers, manufacturers strive to keep losses to a 
minimum. They can minimize hysteresis and flux leakage losses by using core 
materials that have large relative permeabilities. As with coils, eddy currents аге 
reduced by using a laminated core rather than a solid core. Finally, copper losses 
are minimized by using large diameter wires for the transformer windings. 
Consequently, real iron-core transformers are very efficient devices. In fact, 
efficiencies of 9596 and more are common. Thus, the equations derived for the ideal 
transformer, which assumed 100% efficiency, are excellent approximations for real 
iron-core transformers. 


ЗЕ 


ІМ PHASE PRIMARY AND SECONDARY VOLTAGES 


ЗЕ 


PRIMARY AND SECONDARY VOLTAGES 1809 OUT OF PHASE 


Figure 5-4 


The dot convention. 
A. In phase primary and secondary voltages. 
B. Primary and secondary voltages 180? out of phase. 


In commercial transformers, depending upon whether or not the primary and 
secondary windings are wound in the same or opposite directions, the secondary 
voltage will be in phase or 180? out of phase with the primary voltage. This "winding 
sense" is often indicated by placing dots on the in-phase primary and secondary 
terminals as shown in Figure 5-4. 
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Figure 5-5 illustrates a transformer typical of the type found in power supplies. By 
providing two primmary windings, that can be connected in series or parallel, it is 
possible to operate the transformer from either 110V or 220V line voltages. Note that 
two center-tapped secondary windings are also provided. Center-tapped windings 
are especially useful for those applications requiring two equal voltages. As you can 
see in Figure 5-5, the various transformer leads have been color coded for easy 
identification. 


BLACK-RED 1 RED 













RED-YELLOW 
SECONDARY 
RED 
BLACK-YELLOW 
LINE 
VOLTAGE 
2 GREEN 
BLACK-GREEN 
GREEN-YELLOW 
SECONDARY 


GREEN 


BLACK 1 


Figure 5-5 


A typical power transformer. 
For 110V operation terminal 2 is connected to terminal 1, and terminal 3 is connected to terminal 4. For 220V 
operation terminal 2 is connected to terminal 3. 


The Ideal Diode 


A diode is a two-terminal electronic device that conducts current in one direction 
only. The terminals of a diode are called the cathode and anode. Usually, the 
terminal connected to the cathode is indicated by a band or some other 
distinguishing mark on the body of the diode. The schematic symbol and current- 
versus-voltage curve for an ideal diode are illustrated in Figure 5-6. Here, you should 
note the following: 
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1. When the cathode is positive with respect to the anode, the diode 
acts like a perfect insulator. For this reason, the diode is modeled as 
an open switch whose resistance is infinite. 


2. As soon asthe cathode becomes negative with respect to the anode, 
the diode acts like a perfect conductor. Consequently, the diode is 
modeled by a closed switch whose resistance is zero ohms. 


3. Current can only flow through the diode in the cathode-to-anode 
direction. Note that the direction of current flow is opposite the 
direction indicated by the arrow portion of the diode symbol. 


A conducting diode is said to be forward biased, while a nonconducting diode is 
considered to be reverse biased. 


(А) CATHODE ——Ó—— ANODE 


SCHEMATIC SYMBOL 





----2) —=— 
7 = т 
mec. x ЗН 
+ -- 
— — > 
1-0 
IV CURVE 
Figure 5-6 


The idea! diode. 
A. Schematic symbol. 
B. IV curve. 
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Example 5-4 


Determine the current through and voltage across each compo- 
nent in the circuits shown in Figure 5-7 


xo E é/— отд xo 


CIRCUIT 1 





3kQ 





CIRCUIT 2 


3kQ © + 3kQ— 
| => 
бу = I D» (V — 2m 


CIRCUIT 3 





CIRCUIT 4 NEU 


Figure 5-7 
Circuits for Example 5-4. 
A. Circuit 1. 

B. Circuit 2. 
C. Circuit 3. 
D. Circuit 4. 
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Circuit 1. 


The 6V source attempts to establish a counterclockwise loop current. Since the 
direction of the loop current is opposite the diode arrow, the diode is forward biased. 
Consequently, the diode appears as a closed switch, as shown. Thus: 


Vp = OV 
Ма = 2mA(3kQ) = 6V 


Circuit 2. 
Once again, the 6V source attempts to establish a counterclockwise loop current. 
However, since the direction of the loop current is the same as the diode arrow, the 
diode will be reverse biased. Thus, the diode appears as an open switch as shown. 
Therefore: 

l=0 

Vg = OV 

Vp = 6V 
Similarly, for the remaining circuits: 
Circuit 3. 
The diode is forward biased. Thus: 

| = 2mA, Vp = OV, and Уң = 6V 
Circuit 4. 


The diode is reverse biased. Thus: 


| = 0, Vp = 6V, and Уд- OV 
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Semiconductor Diodes 


Figure 5-8 illustrates the current-versus-voltage curve for a typical semiconductor 
diode. By comparing the typical IV curve with the ideal IV curve in Figure 5-6, you 
should note the following: 


УТ г 
o—| HHko 





Figure 5-8 


Typical IV curve for a semiconductor diode. Note the models used to represent the diode in the various regions 
of the curve. 


FORWARD BIAS 


1. As the voltage across the diode is gradually increased, very little 
current flows through the diode until the diode voltage exceeds the 
"turn-on" voltage, Ут. 


2. Once the turn-on voltage is reached, very small increases in diode 
voltage produce very large increases in diode current. In this "linear 
region" of operation, the diode exhibits a forward resistance, rp. 


Thus, a forward biased semiconductor diode can be modeled as the series 
combination of a battery, Ут, an ideal diode, and a resistance, re. Most 
semiconductor diodes are made from Germanium, or Silicon. Typically, Germanium 
diodes have a turn-on voltage of 0.3V, while Silicon diodes have a turn-on voltage of 
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0.7V. Manufacturers usually list the current through a diode for a specified forward 
voltage. With this information, you can estimate the forward resistance of the diode 
from: 
ГЕ = Мет (Еа. 5-5) 
Е 

where: re —forwardresistance in ohms (О). 

Ур =forward voltage in volts (V). 

l- = forward current in amperes (A). 

V4 = diode turn-on voltage in volts (М). 


REVERSE BIAS (< V2) 


As the reverse voltage across the diode is increased, a small “reverse current”, Ip, 
flows through the diode. This reverse currentis relatively constant. Thus, for reverse 
voltages less than Vz, the diode acts like a large resistance, Rpg. The value of the 
diode's reverse resistance is therefore: 


V. 
Ви = 1 (Eq. 5-6) 
R 


where: Rr, =reverse resistance in ohms (О). 
Уң =reverse voltage in volts (V). 
la —reversecurrent in amperes (А). 


REVERSE BIAS (Ул = V;) 


As the reverse voltage is increased, a point is reached where the diode suddenly 
acts like a voltage source rather than a large resistance. The reverse voltage at 
which this sudden change occurs is called the breakdown, or zener, voltage, Vz. 
Diodes specifically designed to operate in the zener region are called zener diodes. 
Zener diodes are used to provide stable reference voltages in regulator and control 
circuits. Since general purpose and rectifier-type diodes are not usually operated in 
the zener region, we will not pursue the matter further at this time. 


The previous discussion reviewed the basic characteristics of ideal, and real 
semiconductor diodes. A discussion of why real diodes exhibit the characteristics 
previously described requires a discussion of the properties of semiconductor 
materials. If you are interested in these properties, you should consult our 
Semiconductor Devices course. Most of the semiconductor diodes you will 
encounter in practice will be Silicon diodes, since they have much smaller reverse 
currents than Germanium diodes. Rectifier circuits, for example, almost always use 
Silicon diodes for this reason. 


9-17 
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Example 5-5 


For a certain Silicon diode, a manufacturer lists the following 
typical values: 


Ip = 100mA at Vp = 1V 
0.05шА at 25°С 
14A at 75°С 


ғғ 
ШЕ 


Estimate the following: 

(a) The turn-on voltage, forward resistance, and reverse 
resistance of the diode. 

(b) The diode current and load voltage, assuming the diode is 
used in the circuit of Figure 5-9A. 

(c) The diode current and load voltage assuming the diode is 
used in the circuit of Figure 5-9B. 

(d) The diode current and load voltage, assuming the diode is 
used in the circuit of Figure 5-9C. 


270 Са»; зу 0, 328A 270 
[ке FORWARD ВІА5 КИ 


5 
v 9 


Figure 5-9 
Circuits for Example 5-5. 


Si 
A. Forward bias. 5i 
B. Forward bias. 


C. Reverse bias. 


IMQ 





REVERSE BIAS 
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(a For a silicon diode Ут = 0.7V 


г = узу = ЛУ-0/У- —30 
а 100тА 


The value of the diodes reverse resistance, Rg, depends upon the value of the 
reverse voltage, Vg, and the value of the reverse current, la. For example, at 
25°C lg, = 0.05pA. If Va = 10V, the reverse resistance, Rr, is: 


Va _ 10V 


- = = 200МО 
k "005 ША 9p 





Since reverse currentincreases with temperature, the value of the diode's re- 
verse resistance, for a particular value of reverse voltage, will decrease as the 
temperature is increased. For example, at 75°С, I, = 1pA. If Va = 10V, the 
reverse resistance, Rp, is: 


(D Ifthe diode in Figure 5-9A was ideal, the current, |, would equal 3V/7Q or 
0.429A. Similarly, the load voltage would be 3V. Since the diode is not ideal, 
you must consider the effect of the diode's turn-on voltage and forward resist- 
ance as shown in the equivalent circuit. Thus: 


|. VM _ 3У-07У — 
i nre ros c GBA 





7V 


[Р = 77328A = 2.130 


Note thatthe actual value of diode forward resistance differs significantly from 
the ideal value. 


(c) For an ideal diode in Figure 5-9B, the current, |, would equal 30V/1000 or 
0.3A. Similarly, the load voltage would equal 30V. 


For the real diode: 








іт В, = 7100. == 0.293A 
ГЕ = IN = 2.3850 
0.293A 


Note that the actual and ideal values of diode forward resistance are approxi- 
mately equal. 
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(d) Іп Figure 5-9C, the diode is reverse biased by the 10V source. Ideally, Rg = 
œ Q which means the ideal values of diode current and load voltage would be 
zero. 


Since the real diode has a reverse current of 0.05yA, at 25°C, | = 0.05рА. 
Consequently: 


V, = I R, = 0.05pA (1МО) = 0.05V 


Since Ур = V-V,,the diode voltage is: 


= 10V — 0.05V = 9.95V 





Thus, Вр = 9.95V/0.05 pA or 199 МО as shown in the equivalent circuit. Al- 


though the diode is not ideal, it closely approximates an ideal diode in this cir- 
cuit. 


The previous example illustrated the fact that, depending upon the specific 
component values, real diodes may or may not closely approximate the 
characteristics of ideal diodes. The nonideal properties of real diodes can be 
minimized by selecting component values that “mask out” the nonideal effects. For 
example, by driving a diode with a voltage that is large compared to the diode's turn- 
on voltage, the effects of the diode's turn-on voltage are minimized. 


Similarly, the effect of a real diode's forward resistance is minimized if the load 
resistance is large compared to the diode's forward resistance. 


Finally, a real diode that is reverse biased will closely approximate an ideal reverse 
biased diode if the load resistance is small compared to the reverse resistance 
of the diode. As a guide, you can use the 20:1 rule to define large and small. 
Thus, for near ideal operation of real diodes, you should select component values 
that are consistent with Table 5-1. 


Negligible Appropriate Component 
Parameter When Value 


EN ECT "НЕРІ RESET TE 


Table 5-1 
Guide for selecting component values for Near Ideal Operation of Real Diodes. 
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Self-Test Review 


. The ratio of secondary power to primary power indicates the 


of a transformer. 





2. If the number of secondary turns is less than the number of primary turns, 
the transformer is called a — — transformer. 
Gne -— 5: is the number of primary turns divided by 


the number of secondary turns. 


Refer to Figure 5-10 for questions 4 through 7. 


о чоо fF 


ІШІ 


ө 
%у 
РЕАК 1000 
60Hz 


Figure 5-10 


Circuit for questions 4 to 7. 








. The peak secondary voltage is OILS: 

. The peak primary current is ______атрегеѕ. 

. The effective primary resistance is _оһт. 

. The primary and secondary voltages П phase with each other. 
. In order for a diode to conduct, the cathode must be — . |. with re- 


positive/negative 


spect to the anode. 


A silicon diode has a turn-on voltage of approximately volts. 





A silicon diode has a forward current of 0.5A when the circuit voltage is 1V. 
Therefore, the forward resistance of the diode is approximately —— 1. ohms. 
A silicon diode has a forward resistance of 100, a turn-on voltage of 0.7V, anda 
reverse resistance of 100МО. For near ideal operation, the diode should be 
driven from a voltage source ofatleast. — V. 
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12. The circuit shown in Figure 5-11 is called a half-wave rectifier. On the positive 
half cycle of the input voltage, the diode is forward biased and on the negative 
half cycle, the diode is reverse biased. Ideally, the output voltage consists of 
the positive portions of the input voltage as shown. To approximate this ideal 
case, В, should be atleast —— (| | ~ Q but not larger than ____ 
MQ. 





гр. 60, Кр=150МО 
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Circuit for question 12. 


Answers 


efficiency 7. are not 
. Step-down 8. negative 
. turns ratio oF o 
. 30 10. 0.6 
Бл” DN Шы: 

900 12120575 





The solutions to appropriate questions follow. 


10. 


11. 


12. 
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V, LN. Thus, v, „ыз 2) = зоу peak 
“Ve oN: М, 3 
. Since V, = 30V and R, = 1000. 
PR LA E 
l = А. 71000 0.ЗА реак 
b № Thus, | I, Ne -03A() _ 0.1A peak 
lz 1 1 3 
V, 90V 
R, == =— = 9000 
ls iw d 
VEV 1V-0.7V 
= --- - 060 
рр 0.5А 
The source voltage, V, should be at least 20 times larger than the diode's 


turn-on voltage V;. Thus, V = 20 (0.7) = 14V. 


In the forward biased state, the load resistance, В, , should be at least 20 times 
larger than the diode's forward resistance, rp. Thus, В, = 20(60) = 1200. 


In the reverse biased state, the load resistance, R,, should be no larger than 
R,/20. Thus: 
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RECTIFIER CIRCUITS 


Rectifier circuits convert an AC input voltage into a pulsating DC voltage. In this 
section, we will review the operation and characteristics of the four most commonly 
used rectifier circuits. 


Half-wave Rectifier 


The circuit of a typical half-wave rectifier is illustrated in Figure 5-12A. The trans- 
former is used to step up, or step down, the AC line voltage to the desired level. In ad- 
dition, the transformer isolates the load from the AC line voltage. In Figure 5-12A, the 
middle prong of the three-wire plug is connected to earth ground through the wires 
between the electrical outlet and fuse panel. The green "safety ground" wire of the 
AC line cord is connected to the middle prong of the three-wire plug and should be 
connected to the metal chassis of the circuit. Thus, if a short develops between the 
circuit and chassis, there should be enough current to blow a fuse in the fuse panel. 


In this way, a person touching the metal chassis is protected from a potentially fatal 
electric shock. 


Assuming an ideal diode, the operation of the half-wave rectifier may be sum- 
marized as follows: 


1. During the positive half cycle, the input voltage forward biases the 
diode. Consequently, the diode acts like a short circuit, as shown in 
Figure 5-12B. Clearly, the diode voltage will be OV, and the load 
voltage will equal the input voltage. 


2. During the negative half cycle, the input voltage reverse biases the 
diode. Thus, the diode acts like an open circuit, as shown in Figure 
5-12C. Consequently, during the negative half cycle, the input volt- 
age appears across the diode, and the load voltage equals OV. 


Note in Figure 5-12C that the maximum voltage developed across the diode equals 
the peak input voltage, and occurs when the diode is nonconducting. This maximum 
diode voltage is called the peak inverse voltage, or PIV for short. Since the output 
voltage consists of the positive alternations of the input voltage, the output frequency 
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Vm 


METAL CHASSIS 


ud cim zc mea 
GROUND WIRE 


CIRCUIT 





POSITIVE HALF CYCLE 





Figure 5-12 
The half-wave rectifier. 
A. Circuit. 
B. Positive half cycle. 
C. Negative half cycle. 


NEGATIVE HALF CYCLE 
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equals the 60 Hz input or line frequency, as shown in Figure 5-13. Note in Figure 
5-13, that the output voltage has a DC level of 0.318 Vm. This DC level represents 
the average value of the waveform, and is the value you would read if you measured 
the output voltage with a DC voltmeter. Also, since the current waveform has the 
same shape as the voltage waveform, the average, or DC, current would equal 
0.318 Im. This is the value of the current you would read if you measured the current 
with a DC ammeter. For the half-wave rectifier then: 


V, 
ln =— (Eq. 5-7 
ar (Ea. 57) 


е = 0.318 1„ (Eq. 5-8) 
PIV = М, (Eq. 5-9) 


oc = 0.318 Vm (Еа. 5-10) 


I 


where: Im peak diode and load current in amperes (A). 
Vm = peak input voltage in volts (V). 
DC diode and load current in amperes (А). 


Inc 





Үс = DC diode and load voltage in volts (V). 
INPUT VOLTAGE OUTPUT VOLTAGE 
Vm "s 
бс NE жеу RM 
HALF-WAVE RECTIFIER озү 
"Vm 
f = 60Hz Figure 5-13 fo = 60Hz 


Input and output voltages for the half-wave rectifier. 


Output Polarity 


The polarity of the output voltage from a rectifier depends upon the direction of 
the diode(s) and which side of the load is grounded. This concept is illustrated in 
Figure 5-14 for the half-wave rectifier. For convenience, we have redrawn the half- 
wave rectifier of Figure 5-12 in Figure 5-14A. 


As discussed previously, the DC output voltage equals 0.318 Vm. In Figure 5-14A 
note that terminal B is grounded. This makes the voltage from terminal A to ground 
postive as shown. If you want a negative output voltage, with respect to ground, you 
can either reverse the direction of the diode or reverse the ground connection as 
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shown in Figure 5-14B and Figure 5-14C, respectively. If you reverse both the diode 
and ground connection, as shown in Figure 5-14D, the output voltage will once again 
be positive. 

Although the output voltages in Figure 5-14 have a DC component equal to 0.318 
Vm, they contain a great deal of ripple. Consequently, these voltages must be filtered 
before they are connected to the load. Nevertheless, by studying Figure 5-14, you 


should be able to see how a simple rectifier can provide either positive or negative 
voltages with respect to the common, or ground, connection. 


Vm А 
(A) ORIGINAL CIRCUIT БҚ Уды 
+ 
| 5 E> Ум = 
В E 


(B) DIODE REVERSED A A 
® A 


(C) GROUND REVERSED А В 


(б) DIODE AND GROUND A 
REVERSED | 


ў Үрс = 
+ m 
| > TRE 
Figure 5-14 
Polarity. 


іп each case the DC output voltage is 0.318 V,,. The polarity of the output voltage with respect to ground is 
determined by the direction of the diode, and which side, A or B, of the load is grounded. 
A. Original circuit. 
B. Diode reversed. 
C. Ground reversed. 
D. Diode and ground reversed. 
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ц.-................ ........ -- ww wm —-—e- - -- 


CIRCUIT 


A 
е 
POSITIVE 
а VOLTAGE £ 


FLOATING 
VOLTAGE 


E | 
NEGATIVE T 
VOLTAGE 
. 
[RE | 





Figure 5-15 


Commercial power supply concept. 
By making the appropriate external! connections the user can select a positive, negative, or floating output voltage. 
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Commercial power supplies are usually designed so that you can determine whether 
the output voltage is positive, negative, or floating with respect to ground. This 
concept is illustrated in Figure 5-15. Note that the ground wire, and the wires 
connected to each side of resistor R in Figure 5-15A are brought out to three 
terminals that are insulated from the chassis. Connecting terminal B and C to- 
gether gives you a positive output voltage with respect to ground. Similarly, con- 
necting terminals A and C together gives you an output voltage that is negative 
with respect to ground. 


If neither end of resistor R is connected to ground, as shown in Figure 5-15D, a 
floating output voltage results. Some circuits require a non-ground referenced, or 
floating, voltage for proper operation. Consequently, commercial power supplies 
usually make this option available. 


6:1 


rF = 60 
120V rms 4 
60Hz $ 0. 5kQ 
Figure 5-16 Б 
Circuit for Example 5-6. 
Example 5-6 


For simplicity, the chassis ground connection in Figure 5-16 
is not shown. However, as you know, the green safety ground 
wire should always be connected to the metal chassis. 


For the given circuit, calculate: 
(a) The peak diode current. 

(b) The PIV voltage. 

(c) The DC load current. 

(d) The DC load voltage. 


(a) Since the step-down transformer has a 6:1 turns ratio, the secondary voltage is 
120V/6 or 20V rms. Converting the rms value to a peak value yields: 


V, = 1.414 (20V) = 28.28V 
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CIRCUIT 





Figure 5-17 


NEGATIVE HALF CYCLE 


A full-wave rectifier. 


Since the peak voltage driving the diode is large compared to 0.7V, which is the 
typical turn-on voltage for a silicon diode, you can neglect the diode's turn-on 


voltage. Also, since В, >> гр, you can neglect the diodes forward resistance. 
Thus: 


V. 2828V 
iie = 56.56mA 
HM oni 9e Som 





ln 
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(b) Forthe half-wave rectifier, the peak inverse voltage equals V4,. Consequently: 


PIV = 28.28V 


(c) 


loc = 0.318 Im = 0.318 (56.56mA) = 17.98mA 


(d) 
Voc = 0.318 V, = 0.318 (28.28V) = 8.99V 


Full-Wave Rectifiers 


Figure 5-17A shows a full-wave rectifier with two diodes, and a center-tapped 
transformer. Note that the voltages between each end of the secondary winding 
and center tap equal one-half the full secondary voltage. During the positive half 
cycle, diode D, is forward biased and diode D; is reverse biased as shown in 
Figure 5-17B. Thus, current flows from the center tap through В, and diode D,. 


During the negative half cycle, diode D, is reverse biased and diode О» is forward 
biased as shown in Figure 5-17C. In this case, current flows from the center tap 
through R, and diode Ds. Note in Figure 5-17B and Figure 5-17C that the peak volt- 
age across the nonconducting diode is the full secondary voltage or 2V m- 


Since the direction of the current through R, is the same for each half cycle, the load 
voltage consists of two positive alternations per cycle. Consequently, the frequency 
of the output voltage is twice the line frequency as shown in Figure 5-18. Also, since 
the output voltage consists of two alternations per cycle, its DC value is double the 
value obtained with a half-wave rectifier that uses the same V,, input. In addition, 
since each diode conducts for only half a cycle, the average, or DC, diode currents 
equal one-half the average load current. 


INPUT VOLTAGE OUTPUT VOLTAGE 


Vm 
Eu Ue - VDC = 0. 636Vm 
FULL-WAVE RECTIFIER E 


Vm 


"Ут 





f = 60Hz fo = 120Hz 
Figure 5-18 


Input and output voltages for the full-wave rectifier. 
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® 





CIRCUIT 





POSITIVE HALF CYCLE 





NEGATIVE HALF CYCLE 


Figure 5-19 
The bridge rectifer. 
A. Circuit. 
B. Positive half cycle. 
C. Negative half cycle. 


A full-wave rectifier that uses four diodes, but does not require a center-tapped 
transformer is the bridge rectifier in Figure 5-19A. During the positive half cycle, 
diodes Dz and D, are forward biased and diodes О, and О» are reverse biased as 
shown in Figure 5-19B. Thus, current flows from the lower part of the secondary 
through diode Dz, В,, and diode 04. 
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On the negative half cycle, diodes D, and D, are forward biased and diodes D; 
and D, are reverse biased as shown in Figure 5-19C. Here, current flows from 
the upper part of the secondary through diode D;, R,, and diode D,. Clearly, the 
direction of the load current is the same for each half cycle. 


Thus, as is the case with the full-center-tapped rectifier, the load voltage consists of 
two alternations per cycle. The formulas to calculate the various currents and volt- 
ages for the half and full-wave rectifier circuits are provided in Table 5-2. 


Half wave Full-wave Full-wave 
Parameter center-tapped 
Load voltage/current waveform 


0.636 |, 





Table 5-2 


Characteristics of Half-Wave and Full-Wave Rectifiers with Resistive Loads. 
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Example 5-7 


For the rectifiers in Figure 5-20, calculate the peak inverse 
voltage, the DC current through each diode, the DC load cur- 
rent, and the DC load voltage. 


For the center-tapped rectifier in Figure 5-20A, the turns ratio is 2:1. Thus, the full 
secondary voltage is: 


UD 


i = 60Vrm 
2 60Vrms 


т 


(А) 
120V 
rms 
60Hz 
1000 


CENTER-TAPPED RECTIFIER 


(B) = 
120V 
rms 
60Hz 
$ 1000 


BRIDGE RECTIFIER + 
Figure 5-20 
Circuits for Example 5-7. 


A. Center-tapped rectifier. 
B. Bridge rectifier. 
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The voltage from each end of the secondary to the center tap is one-half the full 
secondary value or 30V rms. Thus: 


V,, = 1.414 (30V) = 42.42V 


Referring to Table 5-2 
PIV = 2 V, = 2 (42.42V) = 84.84V 


= =" = = 424.2 тА 





lnc (diode) = 0.318 Im = 0.318 (424.2mA) = 134.9тА 
Inc (load) = 0.636 Im = 0.636 (424.2тА) = 269.8mA 


Vpc (load) = 0.636 V,, = 0.636 (42.42%) = 27V 


For the bridge rectifier in Figure 5-20B, the turns ratio is 4:1. Thus, the secondary 
voltage is: 


Converting from rms to peak: 


Vm = 1.414 (80V) = 42.42V 


Refer to Table 5-2. 
PIV = V, = 42.42V 


| _У» _4242/ 
psp 000 





= 424,2 тА 


loc (diode) = 0.318 Im = 0.318 (424.2mA) = 134.9тА 
Ipc (load) = 0.636 Im = 0.636 (424.2тА) = 269.8mA 
Voc (load) = 0.636 Vm = 0.636 (42.42V) = 27V 
Although the output voltage, 27V, is the same for both examples, you should note 
that the turns ratio for the transformers in the examples are different. If the trans- 


formers in both examples were identical, the output voltage for the bridge rectifier 
would be twice that of the center-tapped rectifier. 
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Comparison of Rectifiers 


Each of the rectifier circuits discussed previously has its own advantages and 
disadvantages. For this reason, we will compare the characteristics of each type. 


HALF-WAVE RECTIFIER 


Here, the advantages include simplicity and low cost. Since the output voltage 
consists of only one alternation per cycle, the average or DC output voltage is 
low and the 60 Hz ripple frequency is difficult to filter. In addition, since the load 
current always flows through the secondary winding in the same direction, its DC 
component tends to magnetize the transformer core. As you know, a magnetized 
core wastes power in the form of heat. Consequently, to minimize losses, half- 
wave rectifiers are usually restricted to low current applications. 


An exception to the low current application rule just cited is shown in Figure 5- 
21. This is called a transformerless or universal AC-DC power supply, because it 
can be operated from either an AC or DC power line. 


Rs 
+Vout 
120V DC 
OR C RL 
120V rms AC 
Figure 5-21 


A universal AC-DC power supply. 
The capacitor helps smooth out the pulsating DC voltage. Resistor R, limits the peak diode current during the 
time the capacitor is charging. 
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Since it does not use a transformer, the principle advantage of the universal AC-DC 
power supply is its low cost. However, since a transformer is not used, the rectifier 
circuit is not isolated from the 120V rms AC line voltage. Consequently, a potential 
shock hazard exists — especially if a two-prong rather than a three-prong plug is 
used as shown in Figure 5-22. Since the two-prong plug can be connected in two 
ways, you never know which side of the AC line is connected to the chassis. Anyone 
touching the chassis and ground simultaneously could receive a dangerous shock. 


GROUNDED AT FUSE PANEL 


Pa 





Figure 5-22 
Shock hazard. 
Without the isolation provided by the power transformer, this hazardous situation can result with the older 


two-prong line cords. 
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CENTER-TAPPED RECTIFIER 


Since this circuit employs a center-tapped transformer, it is relatively expensive 
compared to the half-wave and bridge rectifiers. In addition, the peak inverse voltage 
is 2V,, as opposed to Vm for the half-wave and bridge rectifiers. 


Compared to the half-wave rectifier the center-tapped rectifier is more efficient, 
since the load voltage consists of two alternations per cycle. Also, the load voltage 
is easier to filter because its frequency is double the 60Hz line frequency. Finally, 
since current flows through each half of the secondary winding in opposite direc- 
tions, on alternate half cycles, the transformer core does not become magnetized. 


BRIDGE RECTIFIER 


This circuit requires four diodes but, since diodes are relatively inexpensive, this 
is not a serious disadvantage. It is difficult to rectify small AC signals with a bridge 
rectifier since two conducting diodes always appear in series with the load. Con- 
sequently, the voltage drop across the conducting diodes in the bridge rectifier is 
approximately 1.4V, compared to approximately 0.7V for the center-tapped rec- 
tifier. 


For single-polarity output voltages, the bridge rectifier does not require a center- 
tapped transformer. In addition, for the same DC load voltage, the peak inverse 
voltage of the bridge rectifier is one-half the value of a comparable center-tapped 
rectifier. For these reasons, the bridge rectifier is the most commonly used rectifier 
in modern electronic equipment. 





Figure 5-23 


A dual supply bridge rectifier. | 
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By combining a bridge rectifier and center-tapped transformer, you obtain the dual 
supply circuit shown in Figure 5-23. Here, two equal but opposite-polarity output 
voltages are supplied to the two loads, В, and Rz. The operation of the circuit is 
illustrated in Figure 5-24. 





POSITIVE HALF CYCLE - 


ең | 





NEGATIVE HALF CYCLE 


Figure 5-24 


Equivalent circuits for the dual supply bridge rectifier. 
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During the positive half cycle, diodes D; and D, are forward biased, and diodes 
D, and D, are reverse biased as shown in Figure 5-24A. Note that resistor R, is 
connected across the upper half of the secondary through D,. Similarly, resistor 
А, is connected across the lower half of the secondary through D;. During the 
negative half cycle, diodes D, and D, are forward biased, and diodes D; and О» 
are reverse biased as shown in Figure 5-24B. In this case, resistor R, is connected 
across the lower half of the secondary through diode D,, while resistor А, is 
connected across the upper half of the secondary through diode D,. On each half 
cycle, note that the polarity of the load voltages remain unchanged. Consequently, 
each output voltage is a full-wave signal. The important parameters for the dual- 
supply rectifier circuit are summarized in Table 5-3. 


Parameter 
Load voltage/current waveforms. 


Peak inverse voltage 
Peak diode/load current 
(0, & Dz) 
DC load currents 
DC diode current 
DC load voltages +0.636 V, — 0.636 Vn 
DC diode voltages 0.636 Vm 
Output frequency 2 fine 





Table 5-3 


Characteristics of the Dual-Supply Bridge Rectifier with a Resistive Load. 


Self-Test Review 


13. The maximum voltage across a non-conducting diode is called the 








14. The DC output voltage from a half-wave rectifier equals — .— .— . - times 
the peak voltage. 

15. The polarity of the output voltage from a rectifier is determined by the direction 
of the diodes and which side of the load is ____ 

16. The middle prong of a three-wire plug is connected to 
via the wires between the outlet and fuse panel. 

17. The average value ofa full-wave signalis—. .—  — — — times the peak value. 

18. The peak inverse voltage of a center-tapped rectifier is —  — times 
the peak value. 

19. The frequency of the output voltage from a full-wave rectifier equals 
times the line frequency. 

20.-À ы —- rectifier uses four diodes. 

21. A dual supply rectifier uses a...  . .. transformer and bridge rectifier. 





ground 
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Figure 5-25 
Circuit for questions 22 to 27. 1000 
В 
2 


Refer to Figure 5-25 for questions 22 through 27. 


22. 
23. 
24. 


25. 


26. 
eM. 


The peak current through D, і6- . m — mA. 

A DC ammeter connected in series with R, would read. — |. | mA. 
A DC voltmeter connected from point A to ground would read 

V. 

A DC voltmeter connected from point B to ground would read 

V. 

А DC ammeter connected in series with R, would read. — |. A. 
A DC voltmeter connected across D, would read . | — V. 


Answers 


. peakinverse voltage 21. center-tapped 
. 0.318 22. 424.2mA 
. grounded 23. 539.6mA 
. earth 24. 27V 
. 0.636 25 27V 

2 26. 269.9тА 
PE 27. 27V 

bridge 


The solutions to questions 22 through 27 follow. 
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22. Since the transformer turns ratio is 2:1, the ІШІ secondary voltage is: 


_ 120V 


Vi = 60Vrms 


The voltage from each end of the secondary to the center tap is У-/2 or 30Vrms. 
Thus: 


Vn = 1.414 (30V) = 42.42V 


Refer to Table 5-3. 








Consequently, the average, or DC current is: 


loc = 0.636 Іт = 0.636 (848.4mA) = 539.6mA 


24. The voltage from point A to ground is the voltage across R,. Thus: 


Va = Vai = 0.636 Vm = 0.636 (42.42V) = 27V DC 
25. The voltage from point B to ground is the voltage across R,. Thus: 
Vg = Vn, = — 0.636 (Vm) = -0.636 (42.42V) = -27V DC 


26. Тһе peak current through Б; is: 





Thus, the average or DC current is: 
loc = 0.636 Im = 0.636 (424.2mA) = 269.9mA 
27. Table 5-3 indicates that the DC diode voltages equal 0.636 Vm. Thus: 


Мо, = 0.636 (42.42V) = 27V 
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SMOOTHING FILTERS 


The pulsating DC voltage from a rectifier contains too much AC ripple to be useful 
for most electronic circuits. For this reason, the rectifier section of a power supply 
is followed by a smoothing filter as shown in Figure 5-26. The smoothing filter 
converts the pulsating DC input voltage into a relatively pure DC output voltage. 
In this section, we will discuss the operation, analysis and design of the most 
popular types of smoothing filters. 










Vo (t) 
oR д“ 
di А Урс 
{ 
/ | 
( RECTIFIER SMOOTHING 
| | CIRCUIT FILTER Ri 


Figure 5-26 
The unregulated power supply. 


Definitions 


The following terms are defined to help you understand the information in this 
section. 


Percent Voltage Regulation. This is a measure of the amount of change in the DC 

output voltage of a power supply between no-load, |, = 0, and full-load, I, = |, max: 

Specifically: 

Vau = V 
V 


VR = *- x 10096 (Eq. 5-11) 


For example, if a power supply has a DC output voltage of 12V when the load 
current is zero, and a DC output voltage of 10.8V when maximum load current 
flows, the percent voltage regulation is: 


_ 12V – 10.8V 
12V 


VR x 10096 = 1096 


9-43 
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Percent Ripple. This is a measure of the ability of a smoothing filter to pass DC 
and block AC. Stated mathematically: 





PS = х 100% (Eq. 5-12) 
DC 
where r = percent ripple 
V, = rms output ripple voltage 
Voc = DC output voltage 


—-— = ripple factor 
ve pp 


For example, if the rms ripple voltage is 0.2V, and the DC voltage is 10V, the 
percent ripple is: 
0.2V rr" 
r= 10V x 10096 = 296 
Smoothing Factor. This is a measure of the ability of a smoothing filter to reject 
an AC signal at a particular frequency. Specifically: 


V 
a =— (Eq. 5-1 
o wr ie) 3) 


where a, = smoothing factor at frequency fp. 
V, = AC input voltage at frequency f,. 
Və = AC output voltage at frequency fn. 


For example, assume the output voltage of a smoothing filter is 0.1У peak at 
60Hz, and 0.01V peak at 120Hz. If in each case the input voltage was 10V peak, 
the 60Hz and 120Hz smoothing factors would be: 


о = ——— = 100 (60Hz) 
а--0У = 4000  (120Hz) 


Peak-Type Filter. Ideally, this type of filter provides a DC output voltage equal to 
the peak value of the input voltage. 


Average-Type Filter. Ideally, this type of filter provides a DC output voltage equal 
to the average, or DC value, of the input voltage. 


In practice, real filters may approximate ideal peak-type or average-type filters. In 
addition, real filters often have characteristics that fall between those of ideal peak- 
type and average-type filters. 
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Capacitor Input Filter 


The simple capacitor filter in Figure 5-27 approximates the characteristics of an ideal 
peak-type filter. Assuming an ideal diode, the operation ofthe filter may be described 
as follows: 


1. Atthe instant the input voltage swings positive, the diode becomes 
forward biased. Consequently, current flows, which charges the ca- 
pacitor to Vm during the first quarter cycle. 

2. Attheinstantthe input voltage falls below Vm, the diode becomes re- 
verse biased. With the diode "open," the capacitor begins to dis- 
charge through the load, R,. 

3. Тһе capacitor continues to discharge until the input voltage is once 
again sufficiently positive to forward bias the diode. At this time, the 
source begins to supply a charging current which causes the capaci- 
tor voltage to return to V,, rather quickly. From this point on, the pro- 
cess described in steps 2 and 3 is repeated each cycle. 





CIRCUIT Figure 5-27 


Filtering the output from a half-wave rectifier with a capacitor. 


A. Circuit. 


B. Negative half-cycle. 





NEGATIVE HALF CYCLE ve 
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From the discussion of RC discharging circuits in Unit 2, it is clear that the voltage 
across the discharging capacitor is described by: 


volt) = Vme "© (Ед. 5-14) 


Note in Figure 5-27A that the capacitor discharges for a period of time nearly equal to 
the period of one cycle. Component values are selected to make the В, C time con- 
stant large compared to the period of one cycle. For this reason, the capacitor volt- 
age at the conclusion of the discharge portion of the cycle is only slightly less than 
Vm: Consequently, the average (DC) load voltage is approximately equal to Vm. 


Note in Figure 5-27B that the peak inverse voltage equals 2V m, which is double the 
value of an unfiltered half-wave rectifier. Naturally, when selecting a diode for the cir- 
cuit, you should choose one that has a PIV rating somewhat larger than 2V,,. If you 
use a full-wave rectifier with a simple capacitor filter, the peak inverse voltages are 
the same as those encountered with purely resistive loads. 


Equation 5-14 indicates that the ability of the filter to minimize AC ripple can be 
improved by increasing the size of the filter capacitor. This concept is illustrated 
in Figure 5-28. Here, note that the average current supplied to the capacitor and 
load during the charging interval equals the average current supplied by the ca- 
pacitor to the load during the discharging interval. 


Recall that average current equals the area under the current waveform divided by 
the base of the waveform. Consequently, when the charging interval is decreased by 
increasing the size of the filter capacitor, the peak diode current must increase to 
maintain the same average current during the charging and discharging intervals. 
Naturally, the peak current rating of the rectifier diode(s) should be larger than the 
peak current in the circuit. As a rough guideline then for both half-wave and full-wave 
rectifiers with capacitor filters: 


lo z 20 Ipc (Eq. 5-14) 


Where: |р = diode peak current rating 
loc = DC load current = Vpc/R, 
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MEDIUM C 


LARGE C 





Figure 5-28 


Capacitor voltage and diode current in a half-wave rectifier with a capacitor-input filter. 


Note that the peak diode current increases with the size of the filter capacitor. 
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All other factors being equal, a given filter capacitor provides better filtering with a 
full-wave rectifier than with a half-wave rectifier because a capacitor in a full-wave 
rectifier is charged twice each cycle as shown in Figure 5-29. Thus, in a full-wave 
rectifier, the capacitor does not discharge very much before the next charging pulse 


occurs. 
(А) Vott) 


HALF-WAVE RECTIFIER 


Vo(t) 


FULL-WAVE RECTIFIER 


Figure 5-29 


Comparison of half-wave, and full-wave output voltages with a capacitor-input filter. 
Note that the full-wave output voltage is easier to filter. 


Capacitor Input Filter Analysis and Design Equations 


Table 5-4 shows the formulas for analyzing and designing capacitor input filters. 
These formulas are based on numerous approximations. However, they yield re- 
sults that are accurate enough for most design problems. 


Example 5-8 


A full-wave rectifier uses a capacitor-input filter to supply 9V 
DC at 100mA to a load. Calculate the capacitance required for 
the filter assuming 8 percent ripple, or less, is acceptable. 
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From Ohms law, the effective load resistance is: 








From Table 5-4 


2.4 x 10-5 2rd 0) 
Е P eM ш ONE 
а rR, 0.08 (90) г 


Naturally, the voltage rating of the capacitor should be larger than the DC load 
voltage. Also, since the calculated value of capacitance is a minimum value, you 
would select the next larger standard-size capacitance value. Since 470p. F, 50V, 
electrolytic capacitors, are readily available, we select C = 470pF. 


FULL-WAVE 
RECTIFIER 


Parameter Half-Wave Rectifier Full-Wave Rectifier 


E 437 x 103 
DC output voltage Me | ет 


R С RLC 


i Р 2А 10У 
RMS ripple voltage = C Xr M = ee 
RLC RLC 


Ripple factor 


Minimum capacitance 





Table 5-4 


Capacitor-input filter analysis апа design equations for a 60Н2 line frequency. 
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120V 
rms 3 
60 Hz ak 
Figure 5-30 
Circuit for Example 5-9. 
Example 5-9 


For the power supply in Figure 5-30 estimate: 
(a) The DC output voltage. 

(b) The rms ripple voltage. 

(c) The percent ripple. 


Assuming ideal diodes: 


120V 


У; = 3 


= 40V rms 


converting from rms to peak, 
Vm = 1.414 (40V) = 56.56V 


from Table 5-4, 


3 
4.17 x 10-5 4.17 x 10-3 

VPN DU ET ——— = 56ev| Ee 

Б | RC | 220 (250) = 


Voc = 56.56V (0.9242) = 52.27V 


v, 224 X 10° Va, 24 x 107 (27V) _ > ову ims 
RC 220 (250) 10-5 


Thus the percent ripple is: 


V. А 
вг 1009 == x 400% = 4,26% 
Voc 52.27V 
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Example 5-10 


Assume the diodes in Figure 5-30 are silicon. Rework Example 
5-9, taking the diode's turn-on voltage into account. 


The diode's turn-on voltage reduces the effective peak voltage. In a full-wave bridge 
rectifier, two forward biased diodes are always in series with the load. Thus, the 
effective peak voltage, Vm’, is: 


V. = V,—2WV, = 56.56У - 2(0.7V) = 55.16V 
Consequently: 


0217 oc 10:5 4.17 x 1073 
Veo = Чы IIS = <a menace 
D D | RC ssiev| 1 7220 (250) | 


Voc = 55.16V (0.9242) = 50.98V 


_ 2.4 x 10? Vs, 2.4 x 10-* (50.98V) 


V, = = 2.22V rms 
REG 220 (250) 107¢ 
V 2.22V 
% r = — 1 5 ----- 1 % -- 4.36% 
‚= ма AR 


Initial Surge Current 


In Unit 2, you learned that capacitor voltage cannot change instantaneously. For 
this reason, when power is first applied to a circuit containing an uncharged ca- 
pacitor, the capacitor acts like a short circuit. Consequently, the initial charging, 
or surge, current may be quite large. In rectifier circuits that use capacitor-input 
filters, the initial surge current is limited by the value of the input voltage and the 
equivalent resistance in series with the capacitor. This equivalent resistance con- 
sists of the forward resistance of the diodes and the effective transformer resist- 
ance. Since the equivalent series resistance is small, the initial surge current may 
be large enough to destroy the rectifier diodes. 
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rms 





2:1 Rg 
120 V 
60 Hz Vo 
С Ri 


Figure 5-31 


Limiting surge current with a surge limiting resistor. 


In order to limit the initial surge current to a safe value, a “surge limiting resistor” 
can be placed in series with the capacitor and load as shown in Figure 5-31. In 
the worst-case the circuit is plugged in when the secondary transformer voltage 
is maximum. Thus, the worst-case surge current is approximately: 


Vin 


— (Eq. 5-1 
moe? 5) 


ыт 


Example 5-11 


Calculate the value of the surge limiting resistor in Figure 5- 
31 in order to limit the initial surge current to 3A or less. 


ues m = 60Vrms 


Va = 1.414 (60V) = 84.84V 


Vm 84.84У 


- 28.280 
зд = 28.280 








R, = 


Choke-Input Filter 


Capacitor-input filters are characterized by large surge and peak diode currents. 
However, an inductor connected in series with the filter capacitor and load greatly 
minimizes these problems, as shown in Figure 5-32A. For obvious reasons, the 
resulting LC filter is called a choke-input filter. This type of smoothing filter is a 
popular choice for circuits that require relatively large DC load currents. Conse- 
quently, choke-input filters are normally used with full-wave rectifiers. 
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FULL-WAVE 
RECTIFIER 


ORIGINAL CIRCUIT 


----- cos 2ш! 


cos 4wt 





cos бої 


Figure 5-32 
The choke-input filter. 





A. Original circuit. 
B. Fourier equivalent circuit. 


FOURIER EQUIVALENT CIRCUIT 


Since the output voltage of a full-wave rectifier is a complex waveform, it may be 
described by a Fourier series. Specifically: 


ov. 4V AN 4V 
v(t) = —= – — cos2et - —— cos4ot — --" совбой....(Ев.5-16) 
т Зт 157 35a 


Equation 5-16 suggests the equivalent circuit shown in Figure 5-32B. Here, the 
full-wave input voltge is representea as the series combination of a DC voltage 
source, equal to the average value of the input voltage, and an infinite series of 
harmonic, AC voltage sources. 
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DC EQUIVALENT CIRCUIT 





AC EQUIVALENT CIRCUIT 


Figure 5-33 
DC and AC equivalent circuits for a choke-input filter. 


A. DC equivalent circuit. 
B. AC equivalent circuit. 


You can use the superposition principle to determine the net output voltage of the 
filter. Recall that an inductor acts like a short circuit, and a capacitor acts like an open 
circuit for DC voltages. Thus, the DC equivalent circuit, ideally, appears as shown іп 
Figure 5-33A. Here, the coil resistance is assumed to be zero. Thus, the DC output 
voltage, ideally, equals the average (DC) value of the input voltage. Consequently, 
the choke-input filter is an example of an average-type smoothing filter. If the coil 
resistance is too large to be neglected, the DC output voltage will equal the DC input 
voltage minus the drop across the coil resistance. 


The AC equivalent circuit, for the first AC voltage source, is illustrated in Figure 
5-33B. Here, component values are selected so that: 


Xe] << В 
|Х,| >> (ха 


Since |Xc| << R, the parallel combination of |Хс| and R, approximately equals 
[Xc|. Also, since |X,| >> |Xc| most of the AC input voltage will be dropped across 
the coil. Thus, very little AC voltage appears across the load. 
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The filter is even more effective in blocking the remaining AC terms for two reasons. 
First, the amplitudes of the higher order harmonics are small compared to the 
amplitude of the first AC term. Consequently, the filter output voltages due to these 
harmonics are small. Secondly, |X, | increases and [Xc| decreases with increasing 
frequency. Therefore, the proportion of input voltage dropped across the coil in- 
creases with frequency. 


For these reasons, most of the net AC ripple voltage appearing at the output of 
the filter is due to the first AC term. For purposes of analysis and design then, 
the effects of the higher order harmonics can usually be neglected. 


Choke-Input Filter Analysis and Design Equations 


Approximate formulas for the analysis and design of choke-input filters are 
summarized in Table 5-5. Note that for proper operation of the filter a minimum value 
of inductance is required. This minimum inductance value is referred to as the 
critical inductance. 






FULL-WAVE 
RECTIFIER 


Full-wave Rectifier 
DC output voltage (ideal) Ус “@Ө6зЗб\ 


_ 0.636 У, (Ri) 
ee) ARR 












Actual DC output voltage 
or 












Voc = 0. 636 Vm = Бе Rc 


Ripple factor „з x 830 xio 3 


Minimum inductance 
Lmin -00 
Required capacitance _ 830 x 530 * 10° 9 


Smoothing factor (ideal) = 5608 x 10526 = 1 


Table 5-5 


Choke-input filter analysis and design equations for а 60Hz line frequency, full-wave rectifier. 
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Example 5-12 


Design a choke-input filter for the output of a full-wave recti- 
fier. The DC load voltage is 250V at 0.5A. Also, the ripple 
factor should be 3% or less. 


Since Урс = 250V and Ing = 0.5А, the effective load resistance is: 


R, = Ме. 250У 


pm DEA 2080 
The minimum inductance required is therefore: 
c4 .500 _ 
Lmin = 7990 21006 С 


Good design practice dictates that we select a commercially available choke with 
an inductance greater than 0.5H. Consulting a manufacturer's catalog we choose 
a 1H inductor whose DC resistance is 400. 


Referring to Table 5-5, we next calculate the required value of capacitance. 


C - 830 х 107° 830 x 107° 
nil 0.03 (1) 





= 27.7шҒ 


Clearly, the DC working voltage rating of the capacitor should be larger than the 
250V load voltage. Also, by selecting a commercially available capacitor larger 
than the calculated value, we can be confident that the ripple factor will be less 
than 396. Referring to a manufacturer's catalog then, we choose a 47,4 F, 450V 
electrolytic capacitor for the design. 


Example 5-13 


Show how to determine the specifications for the rectifier and 
transformer sections of the power supply in Example 5-12. 


The rectifier diodes should be able to conduct an average, DC, current at least equal 
to the DC load current. Similarly, the PIV rating of the diodes should exceed V,, for a 
bridge rectifier, and 2V,, for a center-tapped rectifier. The choice of a bridge rectifier 
reduces the cost of the transformer and is, therefore, recommended for the design. 
Also, bridge rectifiers are available as "single unit" packages, which simplifies power 
supply construction. Consequently, we recommend a single-package bridge unit for 
the rectifier portion of the power supply. 
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To determine the required turns ratio for the transformer, we begin by considering 
the DC voltage requirements. Specifically: 


1. The load requires 250V DC. 

2. Sincethechoke has a resistance of 400, the DC voltage drop across 
the choke is 0.5A (400) or 20V DC. 

3. the DC voltage dropped across the diodes in the bridge rectifier is ap- 
proximately 2(0.7V) or 1.4V DC. 

4. Тһе transformer has an effective DC resistance that depends upon 
the resistance of the windings, turns ratio, source impedance, and 
several other factors. An "exact" calculation for this resistance is 
rather complex. For this example, we will assume the effective trans- 
former resistance is 1000. Consequently, the DC voltage drop is 
approximately 0.5A (1000) or 50V DC. 


Adding up the various DC voltages, we have: 
Voc = 250V + 20V + 1.4V + 50V = 321.4V 


Since Vy, = 0.636 Vm, for a full-wave rectifier, the required peak voltage for the 
transformer secondary is: 


| 321.4V 


ieee 505.3V 





converting to rms: 


Vims = 0.707 (505.3V) = 357.3V rms. 


Thus, the required turns ratio is 120/357.3 or approximately 1:3. Naturally, the 
transformer selected for the design must be capable of supplying the required load 
current. 


Power supplies similar to the one in Example 5-13 were popular during the era 
of vacuum tubes. Due to the uncertainty in the value of the effective transformer 
resistance, and other factors, the power supply would often be built and then 
modified to meet the specific requirements of the load. 


The principle advantages of a choke-input filter compared to a capacitor input 
filter are improved regulation and ripple reduction. Disadvantages include rela- 


tively highcost and weight. Today, numerous three-terminal IC voltage regulators 
are readily available that have excellent ripple reduction characteristics. Conse- 


quently, by using a simple capacitor filter in conjunction with a three-terminal IC 
regulator, there is usually no need for a choke-input filter. 
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(А) 
aoo ен КЕТ 
ib ceca Ж. 


FORMING AN INDUCTOR 7 - TYPE FILTER 









FULL-WAVE 
RECTIFIER 


RIPPLE REDUCTION 


Figure 5-34 


A т-іуре filter that uses an inductor. 


A. Forming an inductor т-іуре filter. 
B. Ripple reduction. 


Cascaded Filter Sections 


The ripple voltage across a capacitor-input filter can be further reduced by following 
the capacitor with a choke-input filter as shown in Figure 5-34A. Component values 
are chosen so that the following inequalities are satisfied. 


IXe,1 « < В, 
ІХ! >> IXcil 


ІХсі << ІХ, 


Assuming the inequalities are satisfied, the analysis and design of the filter is 
rather straightforward. 
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Example 5-14 


The output of a full-wave rectifier that has a capacitor input 
filter, C,, consists of 12V DC with 1V rms ripple. To further 
reduce the ripple voltage, an LC section is added as shown in 
Figure 5-35. Calculate values of L and C that will reduce the 
ripple voltage by a factor of 100 or more. 


From Table 5-5. 


FULL - WAVE 
RECTIFIER 1200 





Figure 5-35 


Circuit for Example 5-14. 


В. _ 120 


[Es = m 
1000 1000 


— 0.12H 








Consulting a manufacturer's catalog, we select a 0.5H choke for the filter. The 
manufacturer indicates that this particular choke has a DC resistance of 150. 


Table 5-5 indicates that the smoothing factor of a choke-input filter is: 
а = 5.68 x 105 LC — 1 
Solving for C yields 


а + 1 101 


б Е A s mice 1955 
5.68 х 10%(1) 5.68 x 10° (0.5) ET 


To ensure that the smoothing factor is at least 100, we select a standard value 
capacitor larger than the calculated value. So, we chose a 470pF, 25V electrolytic 
capacitor for the filter. 


Example 5-15 


Predict the DC load voltage and rms ripple voltge for the filter 
designed in Example 5-14. 
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The DC input voltge divides between the choke and load resistance. Applying the voltage 
division principle: 





12V (1200) 
Varec ео a 4208 О?У 
Assuming the smoothing factor is 100: 
Vinac 1V 
= =— = 10mV rms 
Моле = 700 “100 


By cascading a capacitor-input filter with an “RC section" you obtain a resistor m- 
type filter as shown in Figure 5-36. The advantage of using a resistor instead of 
a choke in a т-іуре filter is lower cost. The disadvantage, of course, is that the 
DC output voltage is decreased by the voltage drop across the resistor. Also, the 
power dissipated by the filter resistor serves no useful function. Consequently, 
the resistor т-іуре filter is limited to low current applications. 


R R 
ФА 
jum: R 
к! -- 4 h = Si C2 L 


Figure 5-36 


4 


Forming a resistor т-іуре filter. 


In Figure 5-36 component values are chosen so that: 
Xa << Ri 
R >> IX. 
ІХ! << R 
The filtering should be effective, assuming that inequalities are satisfied. Inciden- 


tally, the DC output voltage and smoothing factor for the “RC section”, assuming 
а full-wave rectifier with а 60H2 line frequency, are: 


0.636 Vm R 
Ey ee MM MES Eq. 5-17 
DC R ПЕ В, ( 4 ) 
a = 754RC (Eq. 5-18) 


As a final example, we will consider the design of a filter composed of a choke-input 
and RC section as shown in Figure 5-37. 
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FULL - WAVE 


RECTIFIER | 





1—5 


пр 


Ғідиге 5-37 
Circuit for Example 5-16. 


Example 5-16 


The two-stage filter in Figure 5-37 supplies two different loads. 
The first load requires 30V DC at 25mA, with an rms ripple 
voltage no greater than 1.6V. The second load requires 5V DC 
at 2mA with a maximum rms ripple voltage of 35mV. Calculate 
the values of the required components, assuming the output 
from the rectifier consists of 34V DC with 16V rms ripple. 


Starting with the RC section, we note that the DC current through Ris 2mA. Similarly, 
the DC voltage across R is 30V — 5V or 25V. Thus: 


L2 EQ 

2mA 
The smoothing factor for the RC section is the ratio of the AC input voltge to the 
AC output voltge. Therefore: 


10V — 
a= 35mV = 45.7 
Since « = 754RC for the RC section, the required value of С is: 


о 45:7 
C. = 354R 754 (12.5kQ) PUE 


Consequently, a standard 10ыР, 16V electrolytic capacitor is selected for the filter. 


In the LC section, to calculate the minimum value of inductance, you need to 
estimate the effective load resistance of the LC filter. If you assume the capacitors 
in Figure 5-37 to be open, you can see: 


А, = (R + Riz) || (Ra) 
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The values of В, and В, , via Ohm's law are: 


5V 


= ee э ош 

2 2mA 

NERO 1260 
25тА 


Thus, the effective load resistance is: 


В, = (12.5kQ + 2.5kQ) || 1.2к0 


В, = 15kQ | 1.2kQ = 1.11К0 


The minimum inductance is therefore: 


1.11k 
m ed ahi 


Lan = 1000 ^ 1000 





Consequently, a commercially available 2.5H inductor is selected for the filter. 


Since the DC input voltage to the LC filter is 34У and the DC output voltage is 
30V, the choke must drop 4V. Also, the DC current through the choke is 27тА. 
Thus, the required choke resistance is: 

4у 


В. = ——— = 148.10 
© 27mA 


Since it is unlikely you would find a commercially available, 2.5H, choke whose re- 
sistance was exactly 148.10, you would choose one whose resistance was less 
than 148.10. The difference could easily be made up with a series resistor. The LC 
section has an AC input of 16V rms and a maximum AC outputof 1.6V rms. The de- 
sired smoothing factor is therefore: 


From Table 5-5, 
a = 5.68x105 LC - 1 


Solving for C yields 


"E (cura) 
C= 888 x то 
Thus, the minimum value of C, is: 
10 +1 


C, = 7.7рҺҒ 


2 5.68 x 10° (2.5) 
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You could use standard 10uF, 50V electrolytic capacitor. 


Finally, you should calculate the reactances of the inductor and capacitors, at 
120Hz, to make sure that the inequalities given previously are satisfied. In most 


smoothing filter design problems, a 5:1 rule is sufficient for defining large and 
small. Thus: 


|Х,| = w L = 754(2.5) = 1.89k0 


1 1 
[|ы аты (10) (102) ^ 19260 


Note that: 
IX] > 5 [Xel 
Kel « 5 Ris 


IXc| < 5 R, (effective) 


Self-Test Review 


28. The capacitor input smoothing filter is an example of a — . . .. -type 
filter. 

29. The choke-input smoothing filter illustrates an ______-type: filter. 

30. The ripple factor is the ratio of AC output voltage to the __оџіриї 
voltage. DC or AC 


31. The smoothing factor is the ratio of AC input voltage to the 


output voltage. DC or AC 


32. Afull-wave rectifier drives a 10КО resistor in parallel with a filter capacitor. The 
minimum value of capacitance required so that the percent ripple is 396 or less 


is : 
33. А choke-input filter is connected between a 10КО load and the output of a full- 
wave rectifier. The critical inductance is therefore H. 


34. Surge limiting resistors are often used with filters. 
35. Most of the ripple appearing at the output of a smoothing filter is due to the 
— — —^C term in the Fourier series describing the input voltage. 
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FULL - WAVE SMOOTHING R 
RECTIFIER FILTER L «10 kQ 





POWER SUPPLY 


FILTER 1 FILTER 2 
Figure 5-38 


Circuit for questions 36 to 41. 


Hefer to Figure 5-38 for questions 36 through 41. 


36. 
37. 
38. 


99 


40. 
41. 


The DC input voltage to the filter is V. 
The rms value of the AC input voltage to the filter is V. 
Assuming filter number 1 is used in Figure 5-37A the DC output voltage is 














бей Уры... M. 

In question 38, the rms ripple voltage across the load is. . . . V. 
Similarly, the percent ripple is д 96 

Assuming filter number 2 is used in Figure 5-37A, the DC output voltage is — У. 
In question 40, the rms ripple voltage across the load is —— ту. 


Similarly, the percent ripple is  — ~~~ 96 
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Answers 


28. peak 35. first 
29. average 36. 12V 


30. DC 37. 5.66V 
31. AC 38. 18.7V 
92: BuF 39. 0:0055V, 0.51% 
33. 10H 40. 11.65V 
34. capacitor-input 41. 48.35mV, 0.415% 


The solutions to appropriate questions follow. 





2.4 x 10? 


32. From Table 5-4, Cmn = 
ГА, 


Thus: 


8 2.4 x 10? is 
min = 9.03(10)(109) ^ ^" 





36. From Equation 5-16, the DC voltage is m. Thus: 
т 
2/5 
Мос = — = 0.636 Vm = 0.636 (18.87V) = 12V 
т 


37. From Equation 5-16, the peak value of the first AC term is M > Thus: 


Converting to rms yields: 
Vims = 0.707 (8V) = 5.66V 


з 
38. FromTable5-4, Voc = Vm | Ж азын | Thus: 
L 


4.17 x 10? 


Мос =з 18.87\/ [ ~~ 40(103)(47)(10°) 


| = 18.87V (0.991) 


Voc = 18.7V 
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39. From Table 5-4, V, = 2а очы Thus: 


_ 2A x лоем) _ 
= 10(10))47)0-9)- — 0.0955V rms 


V 
9er = e x 10096 2055 


DC 


x 10096 = 0.5196 


40. From Table 5-5, vi, - 2636 Vm (PU. Thus: 
Re + В 


0.636 (18.87V) (10K) 
Voe = —— 





= 11.65% 
10.3КО 
830 х 10-% 
41. From Table 5-5, г = is Thus: 
830 x 10-9 
= А = 4.15 x 10-3 

" = 50(10)(10-*) SN 

у, 

Since г- ---. V,2r Мос. Therefore: 

Voc 


V, = 4.15 x 10? (11.65V) = 48.35 mV rms 


9er =r X 100% = 415 x 10? x 100% = 0.415% 
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SUMMARY 





The following points summarize the key ideas of this unit. 


Transformers are used to step up or step down currents and voltages, provide 
isolation between two circuits, and match impedances. Since the efficiency of 
modern transformers is very high, little error is introduced by assuming ideal 
operation. 


Commercial transformers, suitable for power supplies, often have two primary 
windings that may be connected in series or parallel, to operate the transformer 
from either a 110V or 220V supply. In addition, many commercial transformers 
have one or more tapped secondary windings. With tapped windings, a given 
transformer can be used in a large number of circuits. 


Ideally, diodes permit current to flow through them in one direction only. In a given 
circuit, the component values and source voltage determine how closely a real 
diode approximates an ideal diode. For near ideal operation, the following con- 
ditions must be met. 


1. The peak source voltage should be large compared to the diode's 
turn-on voltage. 

2. The load resistance should be large compared to the diode's forward 
resistance. 

3. The load resistance should be small compared to the diode's reverse 
resistance. 


Consequently, component values should be selected so that the conditions just 
stated are satisfied. 
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Rectifier circuits convert AC into pulsating DC. The most frequently encountered 
rectifier configurations include: 


Half-wave rectifiers. 

Full-wave center-tapped rectifiers. 
Full-wave bridge rectifiers. 

Dual supply rectifiers. 


PIOR 


The various tables provided in this unit summarize the characteristics of the four 
configurations. Generally speaking, the half-wave rectifier is suitable only for low 
current applications. 


Smoothing filters convert the pulsating DC voltage from the rectifier into a relatively 
pure DC voltage, suitable for the load. A peak-type filter provides a DC output volt- 
age approximately equal to the peak value of the input voltage. Similarly, an 
average-type filter provides a DC output voltage approximately equal to the DC 
average value of the input voltage. 


The analysis and design equations for capacitor-input and choke-input filters are 
summarized in Table 5-4 and Table 5-5 respectively. Examples illustrating the 
analysis and design of a variety of smoothing filters were provided in this unit. 
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UNIT EXAMINATION 


The following multiple choice examination is designed to test your understanding of 
the material presented in this unit. Place a check beside the multiple choice answer 
(A, B, C, or D) that you feel is most correct. When you have completed the examina- 
tion, compare your answers with the correct ones that appear after the exam. 


Refer to Figure 5-39 for questions 1 through 4. 
1. Vop equals: 

A. 10V rms. 

B. 30V rms. 

С. 3.3V rms. 

D. 90V rms. 


2. The effective resistance between terminals A and B equals: 
A. 00. 
B. 4.5KQ. 
С. 5000. 
О. 40.5КО. 
3. The primary current equals: 
А. 6.67тА rms. 
B. 2.22mA rms. 
C. 10mA rms. 
D. 20mA rms. 


4. The power supplied to the primary circuit is approximately: 
A. 0.2W 
В. 22.2mW. 
С. OW. 
D. 62.5mW. 


10 V rms 
4, 
60 Н? | | ake 


Figure 5-39 


Circuit for questions 1 to 4. 
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ут 0. Ту, г*120 


50 / 89 


TO у = } 100 


Figure 5-40 


Circuit for questions 5 to 8. 


Refer to Figure 5-40 for questions 5 through 8. 
5. Assuming an ideal diode, V, equals: 
A. OV. 
B. 9.47V. 
C. 8.56V. 
D 19V: 
6. Taking the real diode characteristics into account, V, equals: 
A. OV. 
B. 9.47V. 
(> OB B5. 
D. 8V. 
7. The DC diode current equals: 
A. OA. 
B. 0.8A. 
C. 80mA. 
D. 94.7mA. 
8. Ifthe diode is reversed, V, equals: 
A. Approximately OV. 
B. Approximately 10V. 
C. Approximately 8V. 
D. Approximately 9.47V. 
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120 V 
rms 
60 Hz 


рік 





Figure 5-41 


Circuit for questions 9 to 12. 


Refer to Figure 5-41 for questions 9 through 12. 


9. The peak current through D, equals: 
A. 20mA. 
B. 10mA. 
C. 28.28mA. 
D. 14.14mA. 
10. The DC load current equals: 
A. 18mA. 
B. 20mA. 
C. 9mA. 
D. 10mA. 
11. The DC current through D; equals: 
A. 10mA. 
B. 20mA. 
C. 18mA. 
D. 9mA. 
12. The peak inverse voltage across D, equals: 


А. 20V. 

B. 28.28V. 
C. 14.14V. 
D. 56.56V. 
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Figure 5-42. 





Circuit for questions 13 to 16. 


Refer to Figure 5-42 for questions 13 through 16. 
13. Assuming a 2% ripple factor, the minimum value for C is: 
A. 240uF. 
BONE 
С. 2400pF. 
D. 12pF. 


14. The DC output voltge equals: 
A. 81.9V. 
B. 60V. 
C. 120V. 
D. 30V. 
15. The rms ripple voltage equals: 
A. 3.28V. 
В. 0.636V,, V. 
С. 0.318Vm V. 
D. 1.64V. 
16. The working voltage rating for C must be at least: 
A. 81.9V. 
B. 60V. 
С. 30V. 
D. 70V. 
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The output of a full-wave rectifier consists of 80V DC with 24V rms ripple. А choke- 
input filter is used to obtain a ripple factor of 49e. The choke and load resistances 
are 600 and 8000 respectively. 


17. The critical inductance is: 
A. 800H. 
B. 80H. 
C. 8H. 
D. 800mH. 
18. The DC output voltage is approximately: 
A. 125.8V. 
B. 74.4V. 
C. 80V. 
D. 24V. 
19. Assuming L = 10H, the required capacitance is: 
А. 2.08ҺҒ. 
BE? 
С. 21pF. 
D. 6.32uF. 
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10. 


EXAMINATION ANSWERS 


. B — Since the turns ratio is 1:3, the secondary voltage is 3 times the primary 


voltage. Thus, Vc; = 3(10V) = 30V rms. 


N, 2 1 2 
С В, =(— В =|=] 45КО = 0.5КО = 5000. 
№, 3 
V, 10V 
Di == Sa 
СБ, Ый; Ш- 


. A — Since the efficiency of a real transformer is close to 100%, the primary 


power is approximately equal to the secondary power. 


Thus: 
MES 2 
2 OM We Р 


Hm Р; 45К0 





. B — Replacing the "ideal" diode by a short, and applying the voltage division 


principle yields: 
D — In this case, the diode's turn-on voltage and forward resistance must 
be considered. Consequently, the diode current is: 
x = s LEY i ЕП енге. 





Since the diode current flows through the 1000 resistor, the output volt- 
age is 0.08A (1000) or 8V. 

C — 0.08А = 80mA. 

A — |f the diode is reversed, it will be reverse biased by the source. Since 
a reverse biased diode approximates an open circuit, the loop current, 
and hence output voltage, are approximately zero. 


. C — Since the turns ratio is 3:1, the full secondary voltage is 120V/3 or 40V 


rms. Converting to a peak value yields: М; = 40V(1.414) = 56.56V 
peak. In the center-tapped rectifier, V,, is one-half the full peak 
secondary voltage or 28.28V peak. From Table 5-2: 

Vm 2828У _ 


L 1kQ 





Im 


A — From Table 5-2, loc = 0.636 Im. Thus, locs = 0.636 (28.28mA) = 17.99mA 
== 18mA. 


. D — From Table 5-2, you can see that the DC diode current is one-half the 


DC load current. Thus, 1, = 18mA/2 = 9mA. 


9-75 
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12. D — Table 5-2 indicates that the peak inverse voltage of a center-tapped 
rectifier equals 2V,,. Thus, PIV = 2(28.28V) or 56.56V. 

13. B — From Table 5-4, 

2,4 x 1082  2:45440-8 


(e 7. = = LI 
I: rR, noe io) УОТ 
14. A — From Table 5-4, 
AS all 3 
Voc = М |: = але 
ДКО 3 
Voc = 84.84V| 1--------- 
c | ARIES, 


Voc = 84.84V (0.965) = 81.9V 


15. D — From Table 5-4, 
2-4 SEV 
RC 
v, = 24 х 1072 (B1.9V) 
3 103(120) (10-5) 


У, = 


= 1.64V 


16. A — Since the DC capacitor voltage is approximately 81.9V, the WVDC 
rating must at least equal this value.A higher value would, of course, 


be desirable. 
17. D — From Table 5-5, L,i, = R/1000. Thus: 
800 
Ean = 1000 = 800mH 
18. B — From Table 5-5, V 2683080 
4 — From Table 5-5, Мос = A+R 


Since 0.636 V,, is the DC input voltage, we have: 
(80V (8002) 


V = 
DC 8600 74.4V 
830 x 10-9 
19. A — From Table 5-5 C = E Thus: 
=g 
С _ 830 XO ear 


0.04 (10) 
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INTRODUCTION 


Generally speaking, waveshaping circuits change the shape, DC level or both the 
shape and DC level of the input signal waveforms. 


In this unit, you will learn how to design a number of frequently encountered 
waveshaping circuits. As you will see, circuit design often involves compromise 
when selecting appropriate component values. Applications for the circuits dis- 
cussed in this unit will be covered in Unit 7. 
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UNIT OBJECTIVES 


When you have completed this unit, you should be able to: 


D ep = 


Design clippers. 

Design clampers. 

Design peak and peak-to-peak detectors. 

Design low-pass and high-pass RC filters. 

Sketch Bode plots for series RC circuits. 

State the conditions necessary for a series RC circuit to function as: 
(a) An integrator. 

) Adifferentiator. 

) AQ to 90° phase shifter. 

) A Oto —90? phase shifter. 

) Acoupling circuit. 

A bypass circuit. 


— 
<~ 


Select component values so that the circuits discussed in this unit approxi- 
mate the characteristics of ideal circuits. 


Additional Passive Circuits | 6-5 


UNIT ACTIVITY GUIDE 


Read section on "Diode Clippers." 

Answer Self-Test Review questions 1-10. 

Perform Experiment 8 in Unit 8. 

Read section on "Diode Clampers and Voltage Multipliers.” 
Answer Self-Test Review questions 11-20. 

Perform Experiment 9 in Unit 8. 

Read section on "Amazing RC Circuit." 

Answer Self-Test Review questions 21-30. 


Study Summary. 





Complete Unit Examination. 


a MM oh fe ee [8k i sel E шп 


Check Examination Answers. 
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DIODE CLIPPERS 


Clipping circuits remove or "clip off" voltages above or below a particular reference 
level. As you will see, the reference level may be positive, negative, or zero. 


Positive clippers remove voltages more positive than the reference level. Similarly, 
negative clippers remove voltages more negative than the reference level. For this 
reason, clipping circuits are also referred to as limiting circuits, or limiters. 


Negative Clippers 


In its simplest form, a clipper is nothing more than an unfiltered, half-wave rectifier as 
shown in Figure 6-1A. Here, the output voltage, ideally, equals the input voltage 
when the diode is forward biased. Similarly, the output voltage equals zero when the 
diode is reverse biased. Clearly, the diode in Figure 6-1A will be forward biased 
when the input voltage is positive, and reverse biased when the input voltage is 
negative. 


Consequently, voltages below the ОУ reference level are removed by the circuit. 


Vm Vm 
о [ме сал 
-Vm 
R 
A 
Vm SERIES CLIPPER ~ Vm 
A R АТТЫ: 
о о 
Vm 
B 


SHUNT CLIPPER 


Figure 6-1 
Ideal negative diode clippers. 
A. Series clipper. 
B. Shunt clipper. 
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The same result may be obtained by the shunt-type clipper illustrated in Figure 6-1B. 
Here, the output voltage equals the input voltage when the diode is reverse biased. 
Similarly, the output voltage equals zero when the diode is forward biased. Since the 
diode in Figure 6-1B is reverse biased when the input voltage is positive, and forward 
biased when the input voltage is negative, the output voltage consists of the positive 
alternations of the input voltage. 


Positive Clippers 


If the diodes in the negative clippers of Figure 6-1 are reversed, you obtain the posi- 
tive clippers illustrated in Figure 6-2. Here, the diodes again function as a switch to 
pass or block the positive or negative portion of the input voltage. Since the diodes 
are reversed, however, voltages above the OV reference level are removed by the 
circuits. 


Vm 
= a БЕЛ ae 
-V f -у т 
R 
A 
Mas SERIES CLIPPER 7 
R 
"m "Vm 
B 


SHUNT CLIPPER 


Figure 6-2 
Ideal positive diode clippers. 
A. Series clipper. 
B. Shuntclipper. 
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Biased Clippers 


Biased clippers have reference levels that are either positive or negative. To obtain 
these nonzero reference levels, a DC voltage source is required. Since the DC volt- 
age source can be placed inthe circuit with either one of two possible polarities, quite 
a few clipper configurations are possible. 


When analyzing a particular clipper configuration, the following procedure is useful: 


ile 


Describe the output voltage assuming the diode is forward biased (closed 


switch). 
2. Describe the output voltage assuming the diode is reverse biased (open 

switch). 
3. Mentally reduce the input voltage to zero. Next, determine if the DC voltage 

source forward biases or reverse biases the diode. 
4. Assume the input voltage is positive. Determine the output voltage if |.| < V 

and if [vinl =V 
5. Repeat step 4 assuming the input voltage is negative. 

Vm 
ай == ро 2 
| R 
-y m 
e= 
Figure 6-3 
Circuit for Example 6-1. 

Example 6-1 


Sketch the output voltage for the circuit shown in Figure 6-3. 
Assume the diode is ideal, and that V„ > V. 
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Applying the five-step procedure given earlier: 


1. When the diode is forward biased, it acts like a closed switch as shown in 
Figure 6-4A. In this case, v, equals vin. 


2. When the diode is reverse biased, it acts like an open switch as shown in 
Figure 6-4B. Since the current through R is zero, the voltage across R is also 
zero. Consequently, the output voltage equals the battery voltage, V. 


3. Reducing the input voltage to zero produces the circuit shown in Figure 6-4C. 


Here, the battery establishes a clockwise loop current which forward biases 
the diode. 


Vin V.sV. 


FORWARD BIAS 
STEP 1 


B Vin о----о Vo V 
R 


V 


HI 


STEP 2 
REVERSE BIAS 


с iai D IS FORWARD BIASED 
R 


Figure 6-4 
Implementing steps 1-3 for Example 6-1. 
A. Step1 Forward bias. 
B. Step2 Reverse bias. 
C. Step3 vin = OV. 
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Vo= Vin U N 
Vo= V (Vig V) 








POSITIVE V; 





ra 


NEGATIVE Vi 


Figure 6-5 
Implementing steps 4 and 5 for Example 6-1. 
A. Step4 Positive vin. 
B. Step5 Negative v. 
4. For a positive input voltage, you can picture the circuit shown in Figure 6-5A. 
Here, vj, is initially assumed to be zero, and then gradually increased until it 
exceeds the value of the battery voltage, V. 


In Figure 6-5A, the voltage across the diode, from cathode to anode, equals v, -V. 
For values of vj, less than V, the cathode will be negative with respect to the anode, 
thus forward biasing the diode. From step 1, you know у, = vj, when the diode is 
forward biased. 


Similarly, when vj, is greater than V, the cathode is positive with respect to the 
anode. Consequently, the diode is reverse biased. From step 2, you know v, = V 
when the diode is reverse biased. 


Summarizing our results for step 4: 


Vo =Vin When v,,<V 
v -V when v,>V 
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5. For a negative input voltage, you can picture the circuit shown in Figure 6-5B. 
Once again, ъ is initially assumed to be zero and then gradually increases in 
value. From step З, you know that when vj, = 0, the diode is forward biased by 
the battery. Since vin and V are connected series aiding, the diode remains 
forward biased regardless of the value of vin. Thus: 


Summarizing the results of our five-step procedure, the circuit in Figure 6-3 may be 
described as follows: 


Initially, the diode is forward biased by the battery V. Thus, the output voltage equals 
the input voltage. On the positive half cycle of the input, vin and V are connected 
series opposing. Thus, when уу, exceeds the value of V, the diode becomes reverse 
biased, in which case, v, = V. The diode remains reverse biased until vj, falls below 
the value of the battery voltage V. Once this occurs, v, again equals vin: 


On the negative half cycle of the input, vin and V are connected series aiding. Since 
the diode is forward biased, the output voltage equals the input voltage. Figure 6-6 
illustrates the input and output waveforms for the circuit. 


Vm 


Figure 6-6 


Input and output waveforms for Example 6-1. 


ШИ мыннан 020 02020-22. 2222 









Ұт А 
R 
g -o Voz? 
-Vm 
BIASED SHUNT-TYPE CLIPPER 
У 
: [| 
i С 
E R 
Vin Vo=V Шаа тебе ы аы 
ev Ss 
FORWARD BIAS І REVERSED BIASED І 
р е Е = 
j R 
9- M Voz=Vin 
(Use V) 
D IS REVERSE ТМ 
BIAS Vin 
>м) 
ы цер А = POSITIVE V; 7 
F 
R - 
Vo * Vin 
Vin 


T 


NEGATIVE V in 


Figure 6-7 
Circuits for Example 6-2. 

Biased shunt-type clipper. 
Step 1 Forward bias. 
Step 2 Reverse bias. 
Step 3 vin = OV. 
Step 4 Positive vin- 
Step 5 Negative vin. 


"moom» 
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Example 6-2 


Sketch the output voltage for the biased shunt-type clipper in 
Figure 6-7A. Assume the diode is ideal and that V,, > V. 


Figures 6-7B through 6-7F illustrate the equivalent circuits for the five steps. 
Referring to these figures, we find: 


V when the diode is forward biased. 

Vo = Vin When the diode is reverse biased. 

When vj, = OV, the diode is reverse biased by the DC voltage source. 

For positive input voltages, vin and V are connected series opposing. Thus, 

when vin < V, the diode is reverse biased, and vs = vin. Similarly, when vin > 

V, the diode is forward biased, and v, = V. 

5. For negative input voltages, v,, and V are connected series aiding. Con- 
sequently, the diode remains reverse biased and v, = Vin: 


Vo 


un. Ше ш 


Summarizing the results of our five-step procedure, the circuit in Figure 6-7A тау be 
described as follows: 


Initially, the diode is reverse biased by the battery V. Thus, the output voltage equals 
the input voltage. On the positive half cycle of the input, vin and V are connected 
series opposing. Therefore, when vin exceeds the value of V the diode becomes for- 
ward biased, in which case v, = V. The diode remains forward biased until vin falls 
below the value of the battery voltage V. Once this occurs, v, again equals vin. 


On the negative half cycle of the input, vin and V are connected series aiding. Since 
the diode is reverse biased, the output voltage equals the input voltage. Figure 6-8 


illustrates the input and output waveforms for the circuit. 


Vm 


Figure 6-8 


Input and output waveforms for Example 6-2. 


Ут 
А R 
о Ом =O 
=== 
POSITIVE PEAK-TYPE І 
Ут 21 
R 
B -4- 
Vin 
EL 
NEGATIVE BASE-TYPE ] 
Ут 1 
ex 
С — Откен 
Vin 
V 


POSITIVE BASE-TYPE 


NEGATIVE PEAK-TYPE 


Figure 6-9 
Shunt-type clippers. 
A. Positive peak-type. 
B. Negative base-type. 
C. Positive base-type. 
D. Negative peak-type. 
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V 
—O 
AS 
Vm 
uero lie a. y 
© 
© 
ө л V 
-Vm 
Vm 
© 
-V 


Example 6-1 and Example 6-2 illustrated how the five-step method can be applied to 
determine the output waveform for positive peak, series-type and shunt-type 
clippers. The standard shunt- and series-type clipper configurations are illustrated in 
Figure 6-9 and Figure 6-10 respectively. In these Figures, note that both the shunt- 
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Vm 
V 
A € еш казыш E 
R 
Vin Vin 
Eý 
POSITIVE PEAK-TYPE T 
Vm rane Vm 
ке” Ned Nee V 
в оза т лаш д 
R 
Vin 
—— V 
ү МЕСАТІУЕ ВА5Е-ТҮРЕ | 
т = 


| 
19 


МЕСАТІУЕ РЕАК-ТҮРЕ 


Ғідиге 6-10 


Series-type clippers. 
Positive peak-type. 
Negative base-type. 
Positive base-type. 
Negative peak-type. 


oom» 


and series-type clippers may be further classified as peak- or base-type clippers. 
The various output waveforms for each configuration can be determined by applying 
the five-step method illustrated previously. 
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Comparison of Series- and Shunt-Type Clippers 


If ideal components were available, series- and shunt-type clippers would not have 
any inherent advantages or disadvantages with respect to each other. 


Recall that in a series clipper, the input is prevented from reaching the output when 
the diode is reverse biased. Ideally, the reverse biased diode should act like an open 
circuit. When a real diode is reverse biased it exhibits a small shunt capacitance, in 
addition to a large reverse resistance. In a series clipper, the shunt capacitance acts 
like a coupling capacitor for high frequency signals. Consequently, high frequency 
signals may be coupled, via the diode capacitance, to the output in a series-type 
clipper. This, of course, is undesirable. 


In a shunt clipper, the input is transmitted to the output when the diode is reverse 
biased. Here, the effect of the diode capacitance is to provide a low impedance path 
to ground for the high frequency components of the input waveform. Consequently, 
high frequency components of the input waveform are attenuated more than the low 
frequency components. As aresult, the output waveformis a distorted version of the 
input waveform. Specifically, shunt-type clippers tend to "round" sharp edges of the 
input waveform. 


Clipper Combinations 


The various clipper configurations discussed previously can be combined in several 
ways. For example, the dual-type clipper of Figure 6-11 represents the combination 
of a positive shunt peak-type clipper and a negative shunt peak-type clipper. The 
operation of the circuit can be described as follows: 


1. For values of the input voltage between V, and -У-, both diodes are reverse 
biased. In this case, vo = Vin- 

2. When the input voltage is more positive than V4, diode D, is forward biased 
and diode D; is reverse biased. Consequently, v, = V4. 

3. When the input voltage is more negative than —V;, diode D, is reverse biased, 
and diode О» is forward biased. Therefore, v4 = -V;. 


Clearly, voltages more positive than V, or more negative than V, are removed by the 
circuit. For this reason, the circuit in Figure 6-11 isreferred to as a dual-type clipper. 
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Vm 


Vi 
| ES 
о — о 
Di 02 
Vm -У2 
Vi TELS WE 
Figure 6-11 
A dual-type clipper. 


Designing Clipper Circuits 


The previous discussion of clippers neglected the effects of source resistance, load 
resistance, and the nonideal properties of real diodes. Naturally, these effects must 
be taken into account when you design real circuits. 


In order to minimize the effects of a diode's turn-on voltage, forward resistance, and 
reverse resistance the following inequalities should be satisfied: 


Vin >> Vr 
В >>гєЕ 
R««Hg 


where: Мт, re and Rẹ аге, respectively, the diode's turn-on voltage, forward 
resistance, and reverse resistance. 


V+ is the peak value of the Thevenin voltage driving the circuit. 


R is the resistance that appears in the clipping circuits discussed 
previously. 


Note that when the diode is forward biased, it is desirable to have a large value of R. 
Similarly, when the diode is reverse biased, a small value of R is desirable. Since 
these two requirements are contradictory, a compromise must be made to select an 
appropriate value for R. Theoretically, the optimum value for R is the geometric 
average of the diode's forward and reverse resistances. Stated mathematically: 


В = М Ба (Ед. 6-1) 


By consulting the manufacturer's specification sheet for the diode, estimates for rẹ 
and Rp may be obtained. 


6-17 
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In order to minimize the effects of source and load resistance, it is necessary to 
satisfy the following inequalities: 


В>>Втн 
RL>>R 


Often, А, represents the input resistance of the stage connected to the output of the 
clipper. In such cases, the value of R, is not something the circuit designer can easily 
vary. Consequently, it may not be possible to satisfy the requirement that В, >> R 
with the optimum value of В calculated from Equation 6-1. In such instances, a value 
of R is chosen that is less than the optimum value. Naturally, whatever value is 
chosen must still satisfy the requirements that А >>г- and R << Rp. 


Example 6-3 
Design a clipper that removes voltages more positive than 4V. 


The signal source driving the clipper has a Thevenin resistance 
of 6002 and provides a peak sinusoidal output voltage of 10V. 


The input resistance of the circuit driven by the clipper is 1М0. 
In addition, the silicon diode available for the design has the 
following specifications: 


lc = 10тА at Ve = 1V 
lg = 25nA at Уң = -20У (25%с) 


Based on the given information, design a suitable circuit. Also 
discuss any significant nonideal effects. 
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Since voltages more positive than 4V are to be removed, a positive, series or shunt, 
peak-type clipper is required. 


In order to calculate the optimum value of R, you first need to estimate the diode's 
forward and reverse resistances. Thus, referring to the diode specifications: 





Substituting the preceding values into Equation 6-1 yields: 
R = V rc Ra = V 300 (800 МО) = 154.9 КО (optimum value) 


The input resistance ofthe circuit driven by the clipper was given as 1MQ. This is the 
effective load resistance for the clipper circuit. In orderto satisfy the requirementthat 
В, >> R, you must select a value for R that is relatively small compared to R. Gen- 
erally speaking, for the design of clipper circuits, a 20:1 or 10:1 rule is adequate to 
define large and small. Using the 10:1 rule then: 


RL 1MO 
R = sgg 100КО (selectedvalue) 


In this case, the value chosen for R is reasonably close to the theoretical optimum 
value. More importantly, note that the following inequalities have been satisfied: 


R>> re since 100к0>>300 
В<<Нд since 100КО << 800M? 
R >> Ru since 100kN >> 6000 
RL>>R since 1М0>>100к0 


In this example, the most significant nonideal effect is the diode’s turn-on voltage, 
since the requirement that Ут >> V4 is not adequately met. 
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SAT 
A — 
6000 100ко е че о 
= 9, 09ү 
IMQ 
су 3.3V 
= о 
^ 
100kQ тх -9, 24V 
10V 
PEAK = ү--4у IMQ 
SER IES -TYPE 
Figure 6-12 
Positive peak-type clippers for Example 6-3. 
A. Shunt-type. 


B. Series-type. 


The net effect of the diode’s turn-on voltage is to change the clipping levels by an 
amount equal to V4. In a shunt-type clipper, the actualclipping level equals (V + V4), 
since V and V4 are effectively connected series aiding. Similarly, in a series-type 
clipper, the actual clipping level equals (V — Ут) since V and Ут are effectively con- 
nected series opposing. For these reasons, the actual clipping levels in Figure 
6-12A and Figure 6-12B would respectively equal 4.7V and 3.3V, assuming the 
diodes turn-on voltage is 0.7М. 


To obtain clipping levels of exactly 4V, you could change the value of the DC voltage 
source, V, in each circuit. Specifically, you would decrease V by 0.7V in Figure 
6-12A, and increase V by 0.7V in Figure 6-12B. 


To examine the effects of source and load resistance, you can construct the AC 
equivalent circuits shown in Figure 6-13. Note in these circuits that the DC voltage 
source has been replaced by a short circuit via the superposition principle. 
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A 
6002 100kQ 
p 
{/ S 
о SUM } 1MQ 
= 10У = + 
В SHUNT-TYPE CLIPPER 
0. 7V 
6000 E 
0ч | | 
100kQ 
VEN 
if \ 
а 1 M IMQ 
-10у = = 
SERIES-TYPE CLIPPER 
Figure 6-13 


AC equivalent circuits for the clippers in Figure 6-12. 
A. Shunt-type clipper. 
B. Series-type clipper. 


For the shunt-type clipper in Figure 6-13A, the peak output voltage is obtained via 
voltage division. Thus: 


_ —10V (1M9) _ =10У(1М0) оду 
Yo = “6000 + 100К0 + IMO ^  1.1006MOQ 


Similarly, for the series-type сііррег іп Figure 6-13B: 
100kQ || 1МО = 100kQ. 


Therefore: 


(100kQ) 


Ry = ПОМО TOOL] 


—9.3V (100kQ) 


SENTITUR КЕ 


Uo 


Note that for the series-type clipper, the diode's turn-on voltage has a more signifi- 
cant effect on the peak output voltage than does the source and load resistance. 
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Figure 6-14 


Apositive peak series-type adjustable clipper. 


Adjustable Clipping Levels 


It is often desirable to have some means of changing the level at which clipping 
occurs. 


In order to provide adjustable clipping levels, a variable DC voltage source is re- 
quired. The desired voltage source is easy to obtain by using a fixed DC voltage 
source and potentiometer as shown in Figure 6-14. Here, the clipping level can be 
adjusted between OV and +V volts. 


All of the clipping circuits discussed previously can be made adjustable by adding a 
simple potentiometer to the circuit. However, to obtain satisfactory clipping action, 
the end-to-end resistance of the potentiometer must be small compared to the value 
of R. If possible, you should select a potentiometer so that: 


Self-Test Review 


= 


Clippers аге also referred toas _. 

Shunt-type clippers їепаіо _ sharp edges ofthe input waveform. 
3. Shunt diode capacitance can act like a coupling capacitor in ______- 
type clippers. 


[s 
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In order for real clipping circuits to closely approximate the characteristics of ideal 
clipping circuits, various inequalities must be satisfied. For questions 4 through 9, 
insert the symbol >>, much greater than, ог <<, much less than, to indicate how 
component values should be selected to achieve near ideal operation of clipper 
circuits. 


4. Утн Мт 
БЕ ГЕ 
e R Ra 
Е н 
Ва л 
9. Rp R 


10. А silicon diode has a forward current of 20mA for a forward voltage of 1V. 
When the diode is reverse biased by 40V, the reverse current is 0.2рА. The 
theoretical optimum value for Ris, therefore, КО. 


Answers 


limiters „е 
round == 
ѕегіеѕ BS жой» 
== КЕ == 
SS . 54.8kQ 





The solution to question 10 follows: 


V-Vr  1V-07M — 0.3V 


= OW gama е Son 
moe m 
Ва = 4 = сд = 200М0 


Thus: 
В = V te Ra = У 150(200М0) = 54.8к0. 
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DIODE CLAMPERS AND VOLTAGE MULTIPLIERS 


Clamping circuits change the average, DC, value of the signal waveform, by fixing 
either the positive or negative peak at a specified DC level. As you will see, the DC 
level may be zero, positive or negative. Unlike clippers, the output voltage from a 
clamper, ideally, has the same shape as the input voltage — only the DC levels are 
different. 


By combining clampers and peak-type smoothing filters, it is possible to construct 
voltage multipliers. These circuits provide a DC output voltage that is a multiple of 
the peak input voltage. Consequently, voltage multipliers are useful as power 
supplies designed for high voltage-low current applications. 


The Negative Clamper 


The concept of a negative clamper is illustrated in Figure 6-15. Here, the input 
voltage has a DC level of OV, while the output voltage has а DC level of -V,, volts. 
Note that the positive peak of the output voltage is fixed or “clamped” to OV. 






NEGATIVE 
CLAMPER 





Figure 6-15 


Negative clamping action. 


To see how the negative clamping function can be accomplished, consider the 
circuit shown in Figure 6-16A. For simplicity, we will assume the voltage source, 
capacitor, and diode are ideal. The operation of this circuit may be described as 
follows: 


1. Assuming the capacitor is initially uncharged, the diode becomes forward 
biased when the input voltage goes positive, as shown in Figure 6-16B. 
Consequently, during the first quarter cycle of the input voltage, the output 
voltage is OV. Note that at the end of the first quarter cycle of the input voltage, 
the capacitor voltage equals Vm. 
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Vin 


CIRCUIT 
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Vm 
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Vin 5 Vin i 


FIRST QUARTER ER CAPACITOR FULLY CHARGED 
Vin 


Ein zn sin Wt 





Figure 6-16 

INPUT AND OUTPUT VOLTAGES The negative clamp. 
Circuit. 

First quarter cycle. 
Capacitor fully charged. 
Input and output voltages. 


Dow» 


At the beginning of the second quarter cycle of the input voltage, the input 
voltage starts to decrease. As soon as the input voltage decreases below 
Vm: the diode becomes reverse biased as shown in Figure 6-16C. From this 
point on, the diode remains reverse biased. 


Since there is no dischange path for the capacitor, the voltage across the ca- 
pacitor must remain at Vm. Thus, the capacitor acts like a DC voltage source 
equal to Vm with the polarity as indicated in Figure 6-16C. 
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4. Since the input voltage and DC voltage source (charged capacitor) in Figure 
6-16C are connected in series, the output voltage equals vin – Vin. In order to 
predict what the output voltage is, for various input voltages, you can construct 
the following table: 





Table 6-1 


Input and Output Voltages for the Negative 
Clamper in Figure 6-16A. 


Sketches of the input and output voltages are provided in Figure 6-16D. Here, note 
that, after the first quarter cycle of the input voltage, the output voltage is the same as 
in Figure 6-15. Thus, the desired clamping action has been achieved. 


The Positive Clamper 


By reversing the direction of the diode in the negative clamper, you obtain the 
positive clamper shown in Figure 6-17. 


A description of the operation of the positive clamper is similarto the one provided for 
the negative clamper. The essential difference is that, since the diode has been re- 
versed, the polarity of the capacitor voltage is just the opposite of what it was in the 
negative clamper. For this reason, once the capacitor is fully charged, the output 
voltage equals vin + Vm. Selecting values of vj, equal to 0, Vm and —V,, provides the 
data for Table 6-2. 
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-Vm | -Vm + Vm = 0 


Table 6-2 


Input and Output Voltages for the Positive 
Clamper in Figure 6-17. 


Note that the values in Table 6-2 agree with the sketches of the waveforms in Figure 
6-17. For clarity, the waveforms in Figure 6-17 assume the steady-state condition 
has been reached. 


Vin 
uw 
Vn ; / 
G -- 
Vo=Vin+ Vm 
Vm 
Vin 
Figure 6-17 


The positive clamp. 
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Vin 


Vin 


5V 


-5V 


-10V 


-5V 


NEGATIVE CLAMP Vo 


Vin = ЭУ PEAK 


Vin 15 INCREASED FROM 5V TO 10V PEAK 


Vo 


-10V 


Vi n 1S DECREASED FROM 10V TO 5V РЕАК 


Figure 6-18 


A potential problem. 
Negative clamp. 
Vin = 5V peak. 
Vin is increased from 5V to 10V peak. 
Vin is decreased from 10V to 5V peak. 


oom» 





-15V 
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Response To Amplitude Changes 


Ideally, the output voltage from the negative clamp discussed previously has the 
positive peak clamped at OV. Thus, if the input voltage in Figure 6-18A is 5V peak, 
the input and output voltages should appear as shown in Figure 6-18B. 


To illustrate how amplitude changes affect the operation of a clamper, we will 
assume the input voltage in Figure 6-18A is suddenly increased from 5V to 10V 
peak. Once this has been discussed, we will then assume the input voltage is 
suddenly decreased from 10V to 5V peak. As you will see, rapid changes in the 
amplitude of the input voltage can adversely affect the operation of the clamper. 


To begin then, assume the input voltage in Figure 6-18A is suddenly increased from 
5V to 10V peak. 


Once the input voltage exceeds 5V, the diode becomes forward biased. Therefore, 
current will flow, for approximately one-quarter of a cycle, until the capacitor charges 
to the new value of Vm, which is 10V in this example. At this point, the diode once 
again becomes reverse biased. Everything works as expected. Thus, the input and 
output voltages now appear as shown in Figure 6-18C. 


Now suppose the input voltage is suddenly decreased from 10V to 5V peak. Since 
there is no discharge path for the capacitor the voltage across the capacitor 
must remain at 10V. For this reason, the output voltage equals vin — 10V as shown 
by the following table. 


Table 6-3 


Input and output voltages in Figure 6-18A, once vin has 
been decreased from 10V to 5V peak. 





6-30 | UNIT SIX 


Consequently, the input and output voltages now appear as shown іп Figure 6-18D. 
Comparing the waveforms in Figure 6-18D with those in Figure 6-18B, you can see 
that the DC levels of the output voltages are different, even though the input voltages 
are identical. Specifically, note that the output voltage in Figure 6-18D is clamped at 
—5V rather than at OV. 


Clearly, the clamper in Figure 6-18 does not function properly when the amplitude of 
the input signal is suddenly decreased. As you might suppose, a similar problem is 
encountered in positive clampers. In this case, however, sudden decreases in the 
amplitude of the input signal produce an output voltage that is clamped at a positive 
voltage rather than at OV. 


Shunt Diode Resistor 


In order for a clamper to respond to sudden amplitude changes in the input voltage, a 
discharge path must be provided for the capacitor. In real clamper circuits discharge 
paths exist due to leakage, source, and load resistances. If, as is usually the case, 
the discharge time constants are relatively long, the response of the clamper to sud- 
den amplitude changes in the input voltage will be very sluggish. 


To prevent this situation from occurring in practical clampers, an adequate dis- 
charge path must be provided for the capacitor. To accomplish this, a resistor is 
placed in parallel with the diode, as shown in Figure 6-19. As was the case with the 
clipper circuits discussed previously, the theoretical optimum value for R is the 
geometric average of the diode's forward and reverse resistances. Thus, if possible, 
R is chosen so that: 


В = Vr RR 


In practice, ап acceptable value for R is frequently determined experimentally. 
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Figure 6-19 


Shunt diode resistor. 
The addition of the shunt diode resistor R enables the clampers to 
respond quickly to amplitude changes in the input voltage. 
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Figure 6-20 


Biased clamping circuits. 
A. Positive clamper. 
B. Negative clamper. 


Biased Clampers 


In order to clamp the signal voltage to some value other than OV, a DC voltage 


source is required. Examples of biased positive and negative clampers are provided 


in Figure 6-20A and Figure 6-20B respectively. 


To illustrate the operation of these circuits, consider the negative clamper in Figure 


6-20B. During the positive portion of the input cycle, vj, and V are connected series 
aiding. Note that the polarity of these voltages is correct to forward bias the diode. 
Consequently, during the first quarter of the input cycle, the capacitor charges to 


(Va + V) with the polarity as indicated in Figure 6-20B. Once the input voltage de- 
creases below Vm the diode becomes reverse biased. Since, the output voltage 


equals the algebraic sum of the capacitor and input voltages, we have: 


Vo = Vin—(Vm + V) Biased negative clamper 
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Selecting values of vin of 0, Vm and -V, yields: 


De mem 
Dom 
- (V + V) = -(2V4 + М) 















Table 6-4 
Input and Output Voltages for the Circuit in Figure 6-20B. 


The data in Table 6-4 suggests the output waveform of Figure 6-20B. 
The operation of the biased positive clamp in Figure 6-20А is, of course, similar to 
the operation of the biased negative clamp in Figure 6-20B. In this case, however, 


the capacitor charges with the opposite polarity. Therefore, once the capacitor is 
fully charged: 


Vo = Vin + (Vm + V) (Biased Positive Clamper) 


As usual, selecting values of vin equal to 0, Vm and —Vm, we have: 


+ (Vn + V) = (2V., + М) 





Table 6-5 


Input and Output Voltages for the Circuit in Figure 6-20A. 


The data in Table 6-5 suggests the output waveform of Figure 6-20A. 


6-34 | UNIT SIX 





1 


Figure 6-21 


A variation of the positive clamper in Figue 6-20A. 
Note that the shunt resistor has been returned to ground. 


A frequently encountered variation of the clampers in Figure 6-20 is illustrated by the 
circuit in Figure 6-21. Here, note that the diode shunt resistor is connected across 
the series combination of the diode and bias voltage V. In some cases, R may repre- 
sent the input resistance of the circuit being driven by the clamper. 


An additional modification of the clampers in Figure 6-20 is shown in Figure 6-22. 
Here, the clamping level can be varied between V volts and 0 Volts as illustrated in 
Figure 6-22B. To obtain adjustable clamping levels between —\/ volts and OV, you 
would reverse the direction of the diode and polarity of the DC voltage source in 
Figure 6-22А. 


Designing Clamper Circuits 


The effects of source resistance, load resistance, and the nonideal properties of real 
diodes in clampers are similar to those encountered in clippers. For this reason, the 
inequalities that had to be satisfied to design clippers also must be satisfied when 
designing clampers. Thus, component values should be chosen so that: 


Vin >> Vr В >> RH 
R»»re RL>>R 
R««Rga Re < REUS 

100 


An additional requirement imposed for clampers is that the discharging time con- 
stant must be sufficiently large so that the capacitor will not discharge appreciably 
during the time the diode is reverse biased. This time constant, however, must notbe 
so large that the clamper fails to respond quickly to amplitude changes in the input 
voltage. 
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Figure 6-22 


An adjustable positive clamper. 
A. Circuit. 
B. Output voltage. 


An "exact" analysis to determine the optimum value for the size of the capacitor in a 


clamper is rather complex. Generally speaking, satisfactory results will be obtained 
if C is chosen so that: 


501: 


where: С = required capacitance in Farads (Р) 
Т = periodofthe input voltage in seconds (s) 
R = shunt resistance in ohms (О) 


СОЕДИНИ 


The following example illustrates a typical design problem. 


Example 6-4 


Design an adjustable clamper whose output voltage can be 
clamped between 0V and 5V. The signal source has a Thevenin 
voltage and resistance respectively of 10V peak at 1kHz and 
6000. The input resistance of the circuit driven by the clamper is 
1М0. Design the circuit, using the diode of Example 6-3. 


In Example 6-3, the optimum value for R was calculated to be 154.9КО. A 100kQ 
resistor was selected since this was reasonably close to the calculated value, and 
satisfied the requirement that А, >> R. Similarly, for this example, we select R = 
100kQ. 


For effective clamping, or clipping, the resistance of the potentiometer must be small 
compared to the value of R. Therefore: 





Using Equation 6-2 to calculate the required value of capacitance, yields: 


_ 50T  50(tms) _ 
Se ier umo 1:100 


Е z1M 
Үтн10У PEAK R= IM 


f=1kHZ 





Figure 6-23 
Circuit for Example 6-4. 
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A standard value 0.47 uF capacitor is selected for the design since it is quite close to 
the calculated value of 0.5uF. If you prefer, you could use a somewhat larger 
capacitance value. The completed circuit is shown in Figure 6-23. 


Ideally, the output voltages would appear as shown in Figure 6-244. In reality, the 
actual output voltages appear more like those shown in Figure 6-24B. The reasons 
for this are as follows: 


1. The diode's turn-on voltage and the bias voltage are effectively connected 
series opposing. Consequently, the capacitor charges to a voltage V4 volts 
less than the ideal values. For this reason, the actual clamping levels are also 
V- volts less than the ideal clamping levels. 


Volt) Volt) 
25V 
20V 
15V 
А 
10V 
5V 
0 t 0 t 
WIPER AT TOP WIPER AT BOTTOM 
IDEAL OUTPUT VOLTAGES 
Vott) Vott) 
x 24, ЗУ 
B = 14,3V 
= 4. 3V 
t t 
0 
y = -0.7У 
WIPER AT TOP WIPER AT BOTTOM 


TYPICAL OUTPUT VOLTAGES 


Figure 6-24 
Ideal and typical output voltages for Examples 6-4. 
A. Ideal output voltages. 
B. Typical output voltages. 
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Figure 6-25 
Partial schematic for Example 6-4. 


2. When the diode conducts, the voltage across the diode is approximately V- 
volts as shown by the partial schematic in Figure 6-25. Here, v, = V — Ут. 
Thus, when V equals 5V, v, equals 4.3V. Similarly, when V — OV, v, equals 
—0.7V. As a result, the clamped output voltages have the negative peaks 
slightly clipped during the relatively short time the diode conducts. 


Peak Dectectors 


Ideally, peak detectors provide a DC output voltage equal to the positive or negative 
peak of the input voltage, as shown in Figure 6-26. 


As you can see, the peak detectors in Figure 6-26 are essentially half-wave rectifiers 
with capacitor input filters. In rectifier applications, however, the following restric- 
tions usually apply: 


1. Theinputvoltage is sinusoidal. 
2. The amplitude and frequency of the input voltage do not vary appreciably. 


In peak detectors, the preceding restrictions are removed. Concequently, the input 
voltage to a peak detector may or may not be sinusoidal. In addition, the signal 
waveform may exhibit significant variations in amplitude, frequency, or both 
amplitude and frequency. Naturally, a well designed peak detector must be able to 
respond quickly to changes in the signal waveform. 


In order for the DC output, or capacitor, voltage to be close to Vm, the RC time con- 
stant must be large compared to the period of the signal waveform. As was the case 
with clampers, however, if the time constant is too large, the output voltage will not 
be able to respond quickly to amplitude changes in the input voltage. Generally 
speaking, satisfactory results are obtained if the capacitor is chosen such that: 


onem 


С = R 


(Eq. 6-3) 
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POSITIVE PEAK DETECTOR 


= Va 


Figure 6-26 
Peak detector circuits. 
A. Positive peak detector. 
B. Negative peak detector. 





NEGATIVE PEAK DETECTOR 


Note in Equation 6-3 that the maximum period of the signal waveform should be 
used to compute the required value of C. Since period and frequency are recip- 
rocals: 


И ах = (Ед. 6-4) 





where: fmin = lowest frequency input signal to be processed by the peak detector. 


Incidentally, Equation 6-3 also applies to clampers that are designed to process a 
range of signal frequencies. 


Designing Peak Detectors 


The effects of source resistance, load resistance, and the nonideal properties of real 
diodes in peak detectors are similar to those encountered in clampers. Con- 
sequently, component values should be selected so that the following inequalities 
are satisfied: 


Vn >> Vr В << Rr 
R >> г А >> Ru 
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Example 6-5 


Design a peak detector to process signals between 3kHz and 
25kHz. The input resistance of the circuit being driven by the 
peak detector is 68k. Calculate the required value of capaci- 
tance. 


fmin = 3kHz. Hence, Tmax = i E 0.33ms 


50Tmax 50(0.33т5) 


С=с 68КО 


= 0.244F 
Thus, you could use a standard value 0.33uF capacitor. 


Example 6-6 


To achieve near ideal peak detection in Example 6-5, what is the 
largest Thevenin resistance acceptable for the signal source driv- 
ing the peak detector? Also, if Vry = 20V, what is the value of 
the peak-inverse diode voltage? 


For good peak detection, R >> Н+. In Example 6-5, R = 68kQ. Thus, Ry, must be 
small compared to 68КО. Using the 20:1 rule then: 


Since a peak detector is essentially a half-wave rectifier with a capacitor input filter, 
the peak-inverse voltage equals 2Vm. Thus: 


PIV = 2\/ = 2(20V) = 40V 


Peak-to-Peak Detectors 


Ideally, a peak-to-peak detector provides a DC output voltage equal to the peak-to- 
peak value of the input voltage. Peak-to-peak detectors are constructed by cascad- 
ing a clamper and peak detector as shown in Figure 6-27. 


In Figure 6-27A, capacitor С, and diode D, constitute a positive clamper. Thus, the 
voltage across D, essentially varies between OV and 2V,, volts. Similarly, diode D, 
and capacitor С. constitute a positive peak detector. Since the input to the peak 
detector is the clamper output, which has a positive peak of 2V,,, the DC output 
voltage from the peak detector will also equal 2У-. 
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NEGATIVE PEAK-TO-PEAK DETECTOR 


Figure 6-27 
Peak to peak detector circuits. 
A. Positive peak to peak detector. 
B. Negative peak to peak detector. 


By reversing the direction of the diodes in Figure 6-27A, you obtain the circuit shown 
in Figure 6-27B. Here, a negative clamper is cascaded with a negative peak 
detector. The result of course, is a negative peak-to-peak detector. 


The design of a peak-to-peak detector is quite similar to the design of the clamper 
and peak detector circuits discussed previously. In most cases, the capacitors are 
chosen so that C, = С, = C. Equation 6-3 can then be used to calculate the 


required value of capacitance. 
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VOLTAGE DOUBLER VOLTAGE DOUBLER REDRAWN 
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ADDING A THIRD STAGE 


Figure 6-28 


Constructing a voltage tripler. 
Voltage doubler. 

Voltage doubler redrawn. 
The voltage across diode D;. 
Adding a third stage. 


com» 
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Voltage Multipliers 
Voltage multipliers, ideally, provide a DC output voltage such that: 
Vo = п\,, (Еа. 6-5) 


Consequently, а peak detector can be thought of as a voltage multiplier with п = 1. 
Similarly, a peak-to-peak detector is a voltage multiplier with n — 2. For this reason, 
peak-to-peak detectors are also referred to as voltage doublers. 


Clampers and peak detectors are essentially the same circuit. In each case, the 
input voltage is connected across the series combination of a capacitor and diode. 
Whether a particular circuit functions as a clamper or peak detector simply depends 
on where the output voltage is taken. Recall that for both clampers and peak 
detectors the "circuit action" may be described as follows: 


1. Тһе capacitor charges to the peak value of the input voltage. 
2. Опсе the capacitor is fully charged, the diode voltage equals the algebraic 
sum of the capacitor and input voltages. 


By cascading diode capacitor combinations, it is possible to construct voltage mul- 
tipliers with n — 3, 4, ... and so forth. To see how this can be done, refer to Figure 
6-28. 


In Figure 6-28A, we have the voltage doubler circuit discussed previously. Here, the 
DC voltage across С, equals Vm, and the DC voltage across C, equals 2V m. 


The voltage doubler in Figure 6-28A can be redrawn as shown in Figure 6-28B. 
Here, an expression for the voltage across О, is obtained by writing an appropriate 
loop equation. Thus, starting at point A and going around the outside loop until you 
arrive at point B, yields: 


ур, = vas = Ve, + Vin- Vc, 
= Vm + Vin- 2Vm 


= Vink Vim 
Consequently, the voltage across 0, appears as shown in Figure 6-28C. 


In Figure 6-28D, a third stage has been added to the circuit. Note that the voltage 
across О» is the input voltage for the third stage. Since the voltage across D; has a 
peak value equal to 2V,,,, capacitor C4 charges through diode D; to 2Vm. As a result, 
the DC output voltage taken from points C and D equals 3Vm. This is the sum of the 
voltages across C, and С». For this reason, the voltage multiplier in Figure 
6-28D is called a voltage tripler. 
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ADDING A FOURTH STAGE 


Figure 6-29 


Constructing a voltage quadrupler. 
A. Voltage tripler. 

B. The voltage across diode О». 
C. Adding a fourth stage. 
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Figure 6-30 


An n section voltage multiplier. 


To construct higher-order voltage multipliers, additional stages are added to the volt- 
age tripler. This concept is illustrated in Figure 6-29. 


In Figure 6-29A, you can determine the voltage across О» by writing the following 
loop equation: 

Vp = Ус» E Vc, Ef Vin - Veo 
= 2V m + Vm + Vin—-2Vin 
= Vin t Vm 


3 


Thus, the voltage across D3 appears as shown in Figure 6-29B. 


In Figure 6-29C, a fourth stage has been added to the voltage tripler. The input volt- 
age to the fourth stage is the voltage across D3. Since the voltage across D, has а 
peak value of 2V,,, capacitor С, charges through diode D, to 2V,,. Consequently, 
the output voltage across points E and F equals 4V,,. This is the sum of the voltages 
across С» апа Сд. For this reason, the voltage multiplier in Figure 6-29C is called a 
voltage quadrupler. 


Theoretically, as shown in Figure 6-30, any number of sections can be added to the 
original voltage doubler. In practice however, the percent voltage regulation quickly 
increases as more sections are added. For this reason, voltage multipliers with n 
greater than 5 are uncommon. 


6-46 | UNIT SIX 


Self-Test Review 


ІШІ 
[2 


13. 


14. 


15. 


16. 


Clampers сһапде1һе 7 value of the signal waveform. 

The output voltage from a clamper should have the same as the 
input voltage. 

In order to obtain good clamping, and/or peak detection, the RC time constant 


shouldbe. | | | compared to the period of the signal waveform. 
large/small 


Ifthe RC time constant is too large, clampers and/or peak detectors, do not re- 
spond quicklyto. [| | A  changesin the signal waveform. 


The frequency ofthe signal waveform is used to compute the 
maximum/minimum 


required size for the capacitor in clampers and peak detectors. 
Another name for a peak-to-peak detector is a 








Refer to Figure 6-31 for questions 17 and 18. 


We 
18. 


30V 
C 
0 о---ік-о------о Vo 
2 100k2 
1kHZ TO 10kHZ 
Figure 6-31 
Circuit for questions 17 and 18. 

The capacitor should have a value of approximately — pF. 
The average value of the voltage across the 100kQ resistor equals... V. 


Refer to Figure 6-32 for questions 19 and 20. 


25V 


-25V 4uF ТЕ 


Ғідиге 6-32 


Circuit for questions 19 and 20. 
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19. For proper operation, the input signal should have a frequency no lower than 
яи 
20. Тһе DC output voltage is approximately. - V. 





Answers 


11. averageorDC . voltage doubler 


12. shape "90:5 pz 
13. large 5 30У 
14. amplitude . 250Hz 
15. minimum Р 59V 





The solution to appropriate questions follow: 











17. 1 1 
T E ro = 
pesi cde ra E 
_ 50Tmax _ 50(1ms) | 
C= ea od, шшш ый 


18. Тһесігсиіїіп Figure 6-31 is a positive clamper. For the given input voltage, the 
output voltage is sinusoidal — with a positive peak clamped at 60V and a 
negative peak clamped at OV. Thus, the average, DC, value of the output volt- 
age is 30V. 


19. The RC time constant for the peak-to-peak detector in Figure 6-32 is: 
+ = RC = 50k (44F) = 200ms 


From Equation 6-3 you can see that the time constant, RC, equals 50 Tmax. There- 
fore, 


т 200т5 
ТЕ = 50 = ^UE = 4ms 
Thus mme PER NUM 





20. A peak-to-peak detector provides a DC output voltage equal to the peak-to- 
peak value of the input voltage. For a symmetrical input voltage, v, = 2V m, ог 
50V in this case. 
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THE AMAZING RC CIRCUIT 


Units 1, 2, and 3 stressed the techniques used to analyze electronic circuits. In this 
section, you will use these techniques to analyze a series RC circuit as the frequency 
of the AC source is varied from OHz to = Hz. 


Although relatively simple, the series RC circuit is surprisingly versatile. As you will 
see, this circuit can be used to perform any one of eight different functions. For a 
given circuit, the specific function performed is determined by the relationship that 
exists between the frequency of the signal waveform and the RC time constant. 


Case I — Output Taken Across Resistor 
Consider the circuit shown in Figure 6-33A. Here, we wish to determine how the out- 


put voltage varies as the frequency of the input voltage is varied from OHz to > Hz. 


A 


Vint) Vg sin ot R Vott) 


TIME DOMAIN CIRCUIT 


| lin 


FREOUENCY DOMA IN CIRCUIT 


Figure 6-33 


A series RC circuit in which the output voltage 
is taken across the resistor. 
A. Time domain circuit. 
B. Frequency domain circuit. 


To begin, you convert the time domain circuit to its frequency domain equivalent cir- 
cuit as shown in Figure 6-33B. 
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By inspection the input impedance, Z, at any frequency is: 





EU E S oRC -j 
2 HPLC RE 
Therefore, the current, |, is: 
p M M _ VoC 
|. Z oRC-j «eRC-j 
С 
Since V, = Vp, we have: 
VoRC 
Vosa oRC-j 


Dividing numerator and denominator by «НС: 


V 


Fl 
1-1 RC 





У, = 


The voltage gain of the circuit is defined as the ratio of the output voltage to the input 
voltage. Thus: 


Converting from rectangular to polar notation: 





T 1/0 
1 we aa L. arctan : 
(wRC)? «ВС 
1 1 
А, = tartan АС 
М 1 + ——35 
(wRC)? 
Letting (oRC) = n yields: 
1 1 
A, = —————— Larctan = (Еа. 6-6) 


1 
pu 
n? 
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C 
А 110—4 Vo 
R 
CIRCUIT 7 
Ау! 
В 
| 
| 
| 
| 
| 
' n*gRC 
Figure 6-34 
Frequency response of the series RC circuit when v, = vg. VOLTAGE GAIN 
A. Circuit. 
B. Voltage gain. 9 
С. Phase angle. C % 





| 
| 
| 
l n=wRC 





PHASE ANGLE 


Equation 6-6 indicates that the voltage gain is described by a complex number. For 
this reason, the voltage gain consists of two parts — a magnitude, ЈА, |, and a phase 
angle, Ө. 


In some circuits, you are primarily interested in the magnitude of the gain. In other 
circuits, phase information, or both magnitude and phase information are important. 
Consequently, it is useful to split Equation 6-6 into two parts as follows: 


[eun (Ер 6-62) 


Ө = агсіап 1 (Eq. 6-6b) 





Additional Passive Circuits | 6-51 


By substituting different values of n into Equation 6-6a and Equation 6-6b, you can 
obtain the data required to plot the curves sketched in Figure 6-34B and Figure 
6-34C respectively. Note that when n = 1, the voltage gain has a value of 0.707, and 
the phase angle equals 45°. The frequency at which this occurs is called the cutoff 
frequency, fso, and may be found as follows: 


m= oRC = 1 
2m f,, RC = 1 
or 


1 
fo “ана (£997) 


Finally, the ratio of any frequency, f, to the cutoff frequency, fso, is: 
f f 


fea 1 
2тВС 


= 2mfRC = ВС 











Since oRC = n, and the ratio of f to f, equals АС, it follows that the ratio of f to fso 
also equals n. 


The following table summarizes the results of our analysis. 


Parameter Formula 
1 


Voltage gain Ау = 









Mes 


n? 
n 


cutoff frequency уе ТЕС 


| 


= WRC 


те 


|| 
undi ee 
| co 


Table 6-6 
Characteristics of the Series RC Circuit When V, = Vg. 
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Example 6-7 


In Figure 6-35, v;,(t) = 10 sin 3,768t. Determine the cutoff fre- 
quency of the circuit. Also, sketch the input and output voltages. 


uF 
Vin o heoo 


1599 
Figure 6-35 


Circuit for Example 6-7. = 


Referring to Table 6-6: 


1 1 
2«RC ~ 2301590) pF) = HZ 


ils 


Since the radian frequency of the input voltage is 3 768 rad/s, the cyclic frequency is: 








w 3,768 _ 
f E 5 e й 0.6kHz 
Again, referring to Table 6-6: 
f 0.6kHz 
п ып лш 
Тһегеїоге: 
1 1 1 
|Av| = —— = —— — = ------ = 0.514 
/ / 1 5 
foe 1 le 5 9:78 
п (0.6) 


Since vin = 10V peak, and |А, = v,/v,, the output voltage, vo, is: 


Vous lA, Vin 


Vo = 0.514 (10V) = 5.14V peak. 
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Vint) 


-10V 





Figure 6-36 


input and output voltages for Example 6-7. 


From Table 6-6, the phase angle, 9, is: 


1 
Ө = arctan — 
n 


Ө = arctan S; — arctan 1.67 — 59.04? 
Sketches of the input and output voltages are provided in Figure 6-36. Here, note 
that the output voltage differs from the input voltage in both amplitude and phase. By 
using Equation 6-6a and Equation 6-6b, you can calculate the amplitude and phase 
angle of the output voltage for any signal frequency. 


High-Pass Filter 


Filters are frequency selective circuits. A high-pass filter tends to pass signals 
whose frequencies are above the filter s cutoff frequency, and attenuate those below 
the filter's cutoff frequency. In most cases, a signal that is processed by a filter 
experiences changes in both amplitude and phase. 


The RC circuit analyzed previously meets all the requirements for a high-pass filter. 
Therefore, Equation 6-6a and Equation 6-6b can be used to predict the magnitude of 
the voltage gain and phase angle for any signal frequency. 
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Bode Plots 
In Unit 2, you learned that voltage gains are often expressed in decibel notation. 
Thus: 
Aye = 20log|Aj (Ед. 6-8) 
where: Ав = decibel voltage gain 


|А] = magnitude of the voltage gain 


Recall that Equation 6-6a can be used to compute the magnitude of the voltage gain 
for any signal frequency. Specifically: 


where: |A,| = magnitude of the voltage gain at any frequency, f. 
n = 


For large values of n, the term 1/n? approaches zero, апа |A,| approaches 1. 
Similarly, for small values of n, the term 1/n? is large compared to 1. In this case, |А] 
approaches 1/ V 1. or n. 

n 
Consequently, the following approximations are quite accurate for frequencies well 
above and well below the cutoff frequency: 


Above cutoff (АЦ a 
(210) Аав = 201091 = 0 
Below cutoff [АЈ =n 

(f<< fo) Аав = 20logn 
Ехатріе 6-8 


Use the approximate formulas to predict the dB voltage gain of a 
high-pass RC filter for the following values of n: 0.01, 0.1, 0.25, 
0.5, 1, 2, 4, 10, and 100. Compare the approximate values with 
those predicted by Equation 6-6a. 


APPROXIMATE VALUES: 


For n 2 1, you assume |А. = 1 and A,gg = 0. 








For n < 1, Avge = 20 log n. For example, when n = 0.5, А ев = 20 log 0.5 = 
—6.02 dB. 


VALUES BASED ON EQUATION 6-6A: 


Here, you simply substitute the value of n into Equation 6-6a. For example, when 
n = 0.5. 





Еа | 5 
(9.5)? 
Thus: А,ав = 20 log 0.447 = —6.99 dB 


The results of similar calculations for the remaining values of n are provided in Table 
6-7. 


(Approximate) (Eq. 6-6a) 





Table 6-7 
Characteristics of the Series RC Circuit When Vo = Vg. 
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Referring to Table 6-7, you can draw the following conclusions: 


16 


2. 


For frequencies above the cutoff frequency, the approximate dB voltage gain 


For frequencies below the cutoff frequency, the voltage gain changes by 6dB/ 
octave and 20dB/decade. An octave is a 2:1 frequency ratio, and a decade is a 
10:1 frequency ratio. 

The approximate dB voltage gains agree closely with those based on Equa- 
tion 6-6a for frequencies well below and well above the cutoff frequency. Note 
that the largest error, -3.01dB, occurs at the cutoff frequency. 


AvdB 
0.01 ОЛЕ 0525 07518 БЛ 10 100 






1 Уо 





SLOPE- 6dB/OCTAVE, 20dB/DECADE 


Figure 6-37 
Bode plot for the high-pass filter. 


A graph of decibel voltage gain versus frequency, based on the approximate for- 
mulas, is called a Bode plot. The Bode plot of the RC high-pass filter is provided in 
Figure 6-37. Here, note that, for frequencies below the cutoff frequency, each time 
the frequency changes by a factor of 2 (an octave), the dB gain changes by бав. 
Similarly, each time the frequency changes by a factor of 10 (a decade), the dB gain 
changes by 20dB. The dashed line in Figure 6-37 illustrates how the actual response 
differs from the approximate response near cutoff. 


Example 6-9 


Design a high-pass filter to pass frequencies above 10kHz. Pre- 
dict the peak output voltage, assuming a 10V peak input voltage, 
for frequencies of 0.1kHz, 5kHz, 10kHz, and 100kHz. Also, 
sketch a Bode plot for the filter. 
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The filter's cutoff frequency is: 


MEER E 
€ ^ 24 RC 


Consequently, you select a standard value capacitor and then calculate the required 
value of resistance. Selecting С = 0.014 F, we have: 


1 1 
P CELO  22(03x305(0:1x105j = 1:50 


0.1kHz is two decades below the 10kHz cutoff frequency. Thus, Ав = -400В. 
Since А,ав = 20100 |A,| we have: 


20 log |A,| = —40 
log |A| = -40/20 = -2 
JAJ] = 10? = 0.01 
Therefore, v, = [A vin = 0.01 (10V) = 0.1V peak. 
Similarly, 5kHz is one octave below the 10kHz cutoff frequency. Thus, А» = -6dB. 
20 log |А = -6 
log ЈА; = —6/20 = -0.3 
[АЈ = 10:93 = 0.5 
Therefore, », = |А», = 0.5 (10V) = 5V peak. 
At the 10kHz cutoff frequency, the Bode plot predicts a dB gain of 0. However, you 
know that the actual dB gain at cutoff is about —3dB, which corresponds to a voltage 
gain of 0.707. Thus, when f = 10kHz: 


vo = |Ay| vin = 0.707 (10V) = 7.07V peak. 


Since 100kHz is well above the cutoff frequency Аав = 0, which corresponds to a 
voltage gain of 1. Thus, v, = 10V peak. 
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CIRCUIT 





BODE PLOT 


Figure 6-38 
Circuit and Bode plot for Example 6-9. 


The circuit and Bode plot are illustrated in Figure 6-38. Due to their simplicity, Bode 
plots are widely used in industry. 


Coupling Circuit. 


Recall, from the discussion in Unit 4, that the function of a coupling capacitor is to 
pass, or couple, an AC signal from one point to another. 


Ideally, the output voltage from a coupling circuit has the same amplitude and phase 
angle as the input voltage. By examining the Bode plot of the high-pass filter, it is 
clear that the filter functions as a coupling circuit for signal frequencies well above 
cutoff. 
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In Unit 4, coupling capacitors were selected so that at the lowest frequency to be 
coupled: 


R 
IX,| = > 
since 1 
Ье EG. we have: 
SUME А 
ОС 20 
Solving for f yields: me 
7 2aRC 
Since 1 А 1 
ЕС * ACHÉ! itfollows that: 
pes 201, 


Thus, the ratio of f/f. = 20 when C is selected so that |X,| = R/20. 


Substituting n — 20 into Equation 6-6a and Equation 6-6b, respectively, yields: 


1 1 5 
8 = arctan ES arctan 55 = 2.86 


Thus, by selecting C so that |X,| = R/20, the voltage gain is very close to 1, and the 
phase angle is close to 0°. This is why the rule of thumb provided in Unit 4 is effective 
in selecting appropriate values for coupling capacitors. 


0 to 90° Phase Shifter 


In many applications, it is necessary to introduce a precise phase shift, at a particular 
point in the circuit. For angles between О and 90°, an RC circuit is often adequate for 
this purpose. 
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CIRCUIT 


Vg*V 


XC 7 VC Vin 


IMPEDANCE DIAGRAM PHASOR DIAGRAM 


Figure 6-39 


А O to 90? phase shifter. 
Note that Vg leads Vin by the angle Ө. 
A. Circuit. 
B. Impedance diagram. 
C. Phasor diagram. 


Figure 6-39B and Figure 6-39C illustrate the respective impedance and phasor 
diagrams for the RC circuit in Figure 6-39A. Here, note that the voltage across the 
resistor leads the input voltage by the angle 0. Forthis reason, the circuit in Figure 6- 
39A is often referred to as a lead circuit. 


From Figure 6-39B it is obvious that the angle 0 is: 
Ө = arctan пе (Еа. 6-9) 


By using Equation 6-9, you can select component values to produce phase angles 
between, approximately, 0? and 90*. 
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Example 6-10 


Design a circuit so that the output voltage leads the input voltage 
by 30°, at 1kHz. What is the peak output voltage for a 10V peak 
input voltage? 


As usual, you select a standard value capacitor, and then calculate the required 
value of resistance. Selecting C = 0.01 uF, you proceed as follows: 


1 = 1 





sme = M OKO) 
xd 2a fC 2т (103) (0.01 x 109) 
; (Хы ; i 
Since 0 — arctan -R , the required value of Ris: 
ра 15.9kQ n 
Par Fans tan 30° $7880 


With C = 0.014.F and R = 27.6kQ the cutoff frequency, feo, is: 


1 1 
= IA эша ав мы Boric Л 
fo = SAC 2+ (27.6k0) (0.01 pF) ia са 





Therefore, п = М. = 1kHz/0.577kHz = 1.73 


With n = 1.73 the voltage gain is: 





|А = 





ie 





1 
UN 
(1.73? 


Thus, when Vin = 10V peak: 


Vo = 0.866 (10V) = 8.66%. 
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Differentiator 


A high-pass filter passes frequencies above the cutoff frequency, and attenuates 
frequencies below the cutoff frequency. Fourier's theorem indicates that a complex 
wave consists of numerous frequency components. Consequently, a high-pass filter 
attenuates the harmonic components of a complex wave whose frequencies are 
below the filter's cutoff frequency. As a result, when complex waves are applied to 
filters, the resulting output voltages may be quite different from the input voltages. 


In a given RC circuit, the function performed by the circuit is determined by the 
relationship that exists between the period of the input signal and the RC time 
constant. For example, when the time constant is large comparedto the period of the 
input signal, the high-pass filter acts like a coupling circuit. 


With advanced mathematics, it can be shown that a high-pass filter acts like a 
differentiator when the time constant is small compared to the period of the input 
signal. A differentiator provides an output voltage that is directly proportional 
to the slope of the input voltage. As a guide, good differentiation is obtained if 
component values are chosen such that: 


a 


RC =o 


(Eq. 6-10) 


The following example illustrates the concept of a differentiator. 


Vint 


10V 


t (ms) 


Figure 6-40 
Voltage for Example 6-40. 


Example 6-11 


Design a differentiator to process the voltage in Figure 6-40. 
Also, sketch the expected “shape” of the output voltage. 


In Figure 6-40, T = 1ms. Thus: 


БЕ 0.05тѕ 


RC = = 
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DIFFERENTIATOR 


Vint) 


Figure 6-41 
Solutions to Example 6-11. 
A. Differentiator. 
B. Input and output voltages. 





INPUT AND OUTPUT VOLTAGES 


As usual, you select a standard value capacitor and then calculate the required re- 
sistance. Thus, selecting С = ОЛЫҒ, we have: 


R (0.1p.F) = 0.05ms 





The circuit for the differentiator is illustrated in Figure 6-41A. 


Since the input voltage is composed of straight-line segments, the slope of the input 
voltage is constant for a particular segment. Note however, that some segments 
have positive slopes while other segments have negative slopes. 


Since the output from a differentiator is directly proportional to the slope of the input 
voltage, the differentiator effectively converts the triangular input voltage into a 
square wave output voltage as shown in Figure 6-41B. Obviously, one application 
for differentiators is as waveform converters. 
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Case II — Output Taken Across Capacitor 


Analyzing this case, similar to the one done when the output was taken across the 
resistor, results in the following equation for voltage gain: 


А, = семей не -/ агсіапп (Ед. 6-11) 


ма ж т 





As before, it is desirable to split the equation into two parts. Thus: 





АЈ = (Ед. 6-11а) 


М кт 
-œ = arctan n (Eq. 6-11b) 


Also, as before: 





E and ма 
~ 22а8С m" 


The following table summarizes the results. 





Table 6-7 
Characteristics of the Series RC Circuit When V, = Ve 


The voltage gain and phase characteristics of the circuit are illustrated in Figure 
6-42. Here, note that the circuit has the characteristics of a low-pass filter, since 
frequencies below f,, are passed, and frequencies above f.o are attenuated. 
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CIRCUIT 








B 
VOLTAGE GA IN 
[o d 
27-464 
PHASE ANGLE 
Figure 6-42 
Frequency response of the series RC circuit when v, = ve. 
A. Circuit. 


B. Voltage gain. 
C. Phase angle. 


Low-Pass Filter 


For large and small values of n, you can use the following approximations to analyze 
the low-pass filter. 


Below cutoff |^ zd small n's 
(f << fc) A e 

Above cutoff AJ = 1 large n's 
(ез) Ав 220100 : 
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A оп 0.1 Lag n 100 





SLOPE-6dB/OCTAVE, 200B/DECADE Tad 


Figure 6-43 
Bode plot for the low-pass filter. 


By substituting different values of n into the approximate formulas, you obtain the 
data for the Bode plot of the low-pass filter illustrated in Figure 6-43. Here, note that 
for frequencies below the cutoff frequency, the dB voltage gain is essentially zero. 
Also, for frequencies above the cutoff frequency the dB voltage gain "rolls off" at 6 
dB/octave and 20 dB/decade. 


Example 6-12 


Design a low-pass filter to pass frequencies below 100Hz. Predict 
the output voltage and phase angle when vj, = 10V peak at 
800Hz. 
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Selecting C = 10,F and solving for В: 


1 1 
ш --------- Б — = 1 
Б 2тС 27(100) (10 x 109) S90 


For f = 800Hz: 





=e чууру: е 86 
Therefore: 
А,] = 1 = 1 = 0.125 
Ау РЕН 
Тһив: 
vg = 10V (0.125) = 1.25V peak 
Similarly: 


—a = arctan n = arctan 8 
Ога = —82.87° 


Вураѕѕ Сігсиії 


For frequencies well above cutoff, the output voltage of a low-pass filter is essentially 
zero. For this reason, the low-pass filter functions as a bypass circuit when f >> f,. 


In Unit 4, bypass capacitors were chosen so that |X,| = R/20, at the lowest fre- 
quency to be bypassed. Using this rule of thumb ensures that f >> f,, and hence, 
that good bypassing is achieved. 
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CIRCUIT 





IMPEDANCE DIAGRAM PHASOR DIAGRAM 


Figure 6-44 


A 0 to 90? phase shifter. 
Note that V, lags Vin by the angle a. 
A. Circuit. 
B. Impedance diagram. 
C. Phasor diagram. 


О to —90° Phase Shifter 


When the output voltage in an RC circuit is taken across the capacitor, the output 
voltage lags the input voltage by the angle a as shown in Figure 6-44. For this 
reason, the circuit in Figure 6-44A may be referred to as a lag circuit. 


In Figure 6-44B, it is clear that the angle a is: 


а = arctan 





R 
XJ (Eq. 6-12) 


By using Equation 6-12, you can select component values to produce phase angles 
between, approximately, O and —90*. 
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Integrator 


An integrator provides an output voltage that is directly proportional to the area 
under the input voltage waveform. With advanced mathematics, it can be shown that 
alow-pass filter acts like an integrator when the time constantis relatively large com- 
pared to the period of the input signal. As a guide, good integration results when 
component values are chosen such that: 


ВС>207 (Ед. 6-13) 
Integration is the opposite of differentiation. Recall that when a triangular input volt- 
age was applied to a differentiator the resulting output was a square wave. Thus, if 
an integrator has a square wave input, the output will be a triangular-type voltage. As 
was the case with the differentiator, an integrator is often used as a waveform con- 
verter. 
Source and Load Resistance 
For all of the RC circuits discussed in this section to work as described, component 
values should be Chosen to mask out the effects of source and load resistance. 
Therefore, the value of R should be selected so that: 


В >> Вун апа В, >> В 


where Втң = resistance of the signal source driving the circuit. 


Self-Test Review 


21. Ina high-pass filter the output voltage esie the input voltage. 

22. Воде plots have the largest error when f =  . А 

23. Тһе slope of a Bode plot equals — — /decade. 

24. А ______ provides an output voltage that is directly proportional to the 





slope of the input voltage. 


25. For effective coupling and/or bypassing, |X,| shouldbe compared 
toR large/small 
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fi 272092 
feo = 25092 


Figure 6-45 
Circuit for Questions 26-29. 


Refer to Figure 6-45 for questions 26 through 29. 








26. ThevalueofRequalss. |. |  . ohms. 

27. The peak output voltage equals V. 
28. vwjlagsv,by. — degrees. 

29. ThedB voltage gainequals. ОВ. 


30. A low-pass filter has a cutoff frequency of 300Hz. The approximate dB volt- 
age gains for the following frequencies equal: 


A. f-3Hz Ав = dB 
B. f-300Hz Avap = dB 
C. f-3kHz re =__=_8- 208 
D. f-6kHz Абен. fug 


Answers 


21. leads 

2227715 

23. —20dB/decade 
24.  differentiator 
25. small 

26. 6360 

27. 1.9V 
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The solutions to questions 26-30 follow. 





27. n= fif,, = 750Hz/250Hz = 3 
Employing Equation 6-11a, you have: 


Since Vin = 6V, v, = 0.316 (6V) = 1.9V peak 


28. Employing Equation 6-11b yields: 
-а = arctann = arctan 3 
Ora = —71.56° 


29. Age = 20log|A,| = 20 log 0.316 = —10dB 


30. А. Since 3Hz << fy, Ахав = 0 
В. 300Hz = fso. Thus, Avge = 0. Recall that the largest error occurs when f = 
fso on a Bode plot. The actual dB voltage gain at fso = —3.01 dB. 
C. 3kHz is one decade above f,,. Thus, Ав = —20 dB. 
D. 6kHzZis one octave above 3kHz. Thus, А/ав = —26 dB. 
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SUMMARY 


The following points summarize the key ideas of this unit. 


Clippers are used to remove voltages above or below a reference level. In both 
series- and shunt-type clippers, the shunt diode capacitance introduces nonideal 
effects. Thus, in series clippers, high frequency signals are coupled to the output via 
the shunt diode capacitance. Similarly, in shunt clippers, sharp edges of the input 
waveform tend to get rounded, due to the fact that the high frequency components 
are bypassed to ground. 


Dual-type clippers are combinations of positive and negative clippers. By using a 
potentiometer and DC voltage source, adjustable clipping levels may be obtained. 
When designing clipper circuits, you should select component values that satisfy the 
various inequalities discussed in this unit. 


Clampers fix either the positive or negative peak of the signal waveform at a 
specified DC level. Ideally, the output voltage from a clamper should have the same 
shape as the input voltage. Like clippers, clampers can be biased to obtain non-zero 
reference levels. 


Shunt diode resistors are used with clampers so that the circuit responds quickly to 
amplitude changes in the input voltage. The value ofthis resistor is often determined 
experimentally. 
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Ideally, peak detectors provide a DC output voltage equal to the positive or negative 
peak of the input voltage. As was the case with clampers, the RC time constant 
should not be so large that the circuit response to amplitude changes in the input 
voltage becomes sluggish. 


By combining clampers and peak detectors, you can create voltage multipliers. 
These circuits provide а DC output voltage equal to n Vm. Due to the poor regulation 
characteristics inherent in multiplier circuits, values of n greater than 5 are 
uncommon. 


The series RC circuit functions as a high-pass filter when the output voltage is taken 
across the resistor. Examples were provided that illustrated how the high-pass filter 
could be used to couple signals, provide a phase shift between 0 and 90°, and act as 
a differentiator. 


Similarly, by taking the output across the capacitor in a series RC circuit, you obtain a 
low-pass filter. The low-pass filter can be used to bypass signals, provide a phase 
shift between О and —90°, and act as an integrator. 


Bode plots are used to display the dB voltage gain versus frequency characteristics 
of both high- and low-pass filters. These curves are quite accurate for frequencies 
well above, and well below the filter's cutoff frequency. For signal frequencies near 
the cutoff frequency of the filter, you can use the equations provided in the unit to 
accurately predict the voltage gain and phase angle. 
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Additional Passive Circuits 


UNIT EXAMINATION 


The following multiple choice examination is designed to test your understanding of 
the material presented in this unit. Place a check beside the multiple choice answer 
(A, B, C, or D) that you feel is most correct. When you have completed the 
examination, compare your answers with the correct ones that appear after the 
exam. 


1. Clippers perform the same function as: 
A. Сіатрегв. 
B. Limiters. 
C. Peakdetectors. 
D. Voltage multipliers. 
2. For signal frequencies >> fso, a high-pass filter acts like a/an: 
A. Coupling circuit. 
B. Bypass circuit. 
С. Integrator. 
D. Differentiator. 
3. A positive clamper cascaded with a positive peak detector results in: 
A. An output of OV. 
B. Avoltage multiplier with n = 3. 
C. Adual-type clipper. 
D. Avoltage doubler. 
4. For adjustable clippers and clampers, R, should: 


A. -Ут-Ва 
B. >>R 
С. <<R 
D. = г + Вр 


5. Сіатрегѕ change the: 
A. Average value of the signal waveform. 
B. Shape of the signal waveform. 
C. Frequency of the signal waveform. 
D. Period ofthe signal waveform. 
6. Anexample of a lag circuit is the: 
A. _ Differentiator. 
B. Coupling circuit. 
С. High-pass filter. 
D. Low-pass filter. 
7. Anoctave is a ratio of: 
21 
8:1 
1:8 
10:1 


comm» 
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8. Acircuit that provides an output voltage that is directly proportional to the 
slope of the input voltage is the: 
A. Integrator. 
B. BDifferentiator. 
C. Bypass circuit. 
D. Biased clamper. 
9. The output voltage from a negative clamper has the positive peak clamped at 
approximately: 


оу. 
B. WV. 

с. чүү. 
D. 2V,,V. 


10. By cascading positive and negative, shunt peak-type clippers, you obtain а: 
A. Voltage doubler. 
B. Dual-type clipper. 
С. Peak-to-peak detector. 
D. Biased clamper. 


Refer to Figure 6-46 for questions 11 through 13. 


50V PEAK 





Figure 6-46 
Circuit for Questions 11-13. 


11. A reasonable value for Rp would be: 


А. 1kQ. 

В. 10КО. 

С. 1000. 

D. 100К0. 

12. A reasonable value for В, would be: 

A. 500. 

B. 1000. 

C. 10kQ. 


D. None of the above. 
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When the wiper is in the middle of the pot, the output would be clipped at: 


+4.5V. 
-9V. 
—4.5V. 
OV. 


13. 


gom» 


Refer to Figure 6-47 for questions 14 through 16. 


*30V C1 02 
о——{ — — 4 oeo eoe — ov, 
0 
01 
-30V C2 100kQ 
f- 2kHZ TO 10 kHZ | 


Figure 6-47 
Circuit for Questions 14-16. 


Assuming C, = С, = C, the minimum value for C is: 


14. 
A. Q25yF. 
В. Su: 
С. OnE. 
О. TAVANE 
15. Тһе maximum voltage across the 100k€ resistor should be approximately: 
A. +30V. 
Б... ON: 
С. -60V. 
D. --60У. 
16. If the direction of Da is reversed, the DC output voltage is: 
A. -30У. 


BON. 
С. -60У. 
ӘР 60у 
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Figure 6-48 


Circuit for Questions 17-20. 


Refer to Figure 6-48 for questions 17 through 20. 


17. The filters cutoff frequency is: 


A. 60Hz. 
B. O.6kHz. 
C. 600Н2. 
D. 6kHz. 
18. A 10V peak 420Hz input signal would produce a peak output voltage of: 
A. 10V. 
B. 875У. 
C. 1.41V. 
D. OV. 


19. In question 18, v, would: 
А. Lag v;, by 8.13°. 
В. Lead vin by 8.13°. 
С. Lag vin by 81.87°. 
D. Lead vin by 81.87°. 
20. Whenf = 600Hz, the dB voltage gain is approximately: 
A. 208GB. 
B. -200В. 
C. бав. 
D. —6dB. 
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EXAMINATION ANSWERS 

1. B — Theterms clippers and limiters are used interchangeably. 

2. A — У/һпі>>% |А, = 1 in the high-pass filter. Thus, v, = vin, and the 
filter functions as a coupling circuit. 

3. D — A voltage doubler, or peak-to-peak detector is constructed by 
cascading a positive clamper and positive peak detector. 

4. C -- The potentiometer resistance must be small compared to R for proper 
circuit operation. 

5. A -- Clampers change the average values, DC level, of the signal 
waveform. 

6. D — Since V, = V, in a low-pass filter, the output voltage lags the input 
voltage. 

7. А — Anoctave is а 2:1 ratio. 

8. B — The output voltage of a differentiator is directly proportional to the 
slope of the input voltage. 

9. A — The output of a negative clamper has the positive peak clamped at 
approximately OV. 

10. B — A duaktype clipper can be constructed by cascading positive and 


negative, shunt peak-type clippers. 


Re z _ 10kQ 
11. C — R, = то Since R = 10k R, < -o0 
or approximately 1000. 
12. D — В. >>Н None of the choices is large compared to 10k. 
13. A — Whenthe wiper isin the middle ofthe pot, the voltage from the cathode 


of the diode to ground equals 9V/2 or 4.5V. When vin > 4.5V the diode 
becomes forward biased. This limits v, to +4.5V. 


da A = Tmax = 1/fmin = 1/2kHz or 0.5ms 
— BST... — 0m 
Gee CUERO ^ ашы 
15. C --  Thecircuit in Figure 6-47 is a negative peak-to-peak detector. Thus, vo 
= —2V m or —60V. 
16. B -- Reversing Dz results іп а negative clamper cascaded with a positive 


peak detector. Consequently, the positive peak into the peak detector 
is OV, which makes the output equal to OV. 
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ШТАТ hy = eS eee ғ 
2«RC 2 (265) (10) (10) 





18. С — n= ffo = 420Hz/60Hz = 7 


Al RÀ ae 0.141 


vV14m 5/50 
Thus, v, 10V (0.141) = 1.41V peak. 


19. С — -а = асіап п = arctan 7 


Therefore, a = —81.87*. 
20. B -- 600Hz is one decade above 60Hz. Thus: 


Ay. = —20dB. 


VdB 
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Selected Applications 


INTRODUCTION 


Units 1 through 3 discussed the mathematics and analytical methods used to 
analyze and design electronic circuits. Unit 4 examined the construction details, 
and nonideal properties of real circuit components. Finally, units 5 and 6 intro- 
duced a number of useful passive circuits, and illustrated how these circuits are 
designed. 


At this point, you should have a good idea how to select component values so 
that the following circuits approximate the characteristics of ideal circuits: 


Coupling circuits Clippers 

Bypass circuits Clampers 

Rectifiers Peak Detectors 
Smoothing Filters Peak-to-Peak Detectors 
High-Pass Filter Low-Pass Filter 
Differentiators Integrators 


0 to 90? Phase Shifter 


In this unit, we will examine some typical applications for selected circuits. 


T-3 
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UNIT OBJECTIVES 


When you have completed this unit you should be able to: 


1. Describe seven general applications for passive circuits. 
2. Describe nine measurement applications for passive circuits. 
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UNIT ACTIVITY GUIDE 


Read section on "General Applications". 
Answer Self-Test Review Questions 1-10. 
Read section on "Measurement Applications". 
Answer Self-Test Review Questions 11-20. 
Perform Experiment 10 in Unit 8. 

Study Summary. 


Complete "Unit Examination". 


EL - my. Me dE) КЕШІ ПЖ 


Check "Examination Answers". 
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GENERAL APPLICATIONS 


Diodes are often used to keep the components in sensitive electronic equipment 
from being damaged. This damage could be caused, for example, by an input 
signal whose amplitude is excessive. In addition, many electronic components will 
be permanently damaged if the power supply leads are accidentally reversed. 


In unit two you learned that the opening or closing of a switch in an inductive 
circuit often causes arcing across the switch contacts. In addition to numerous 
other applications, diodes are also used to suppress this switch contact arcing. 


In this section we will examine several diode circuits designed to protect electronic 
components from polarity reversal, over voltage, and transient-type failures. Ad- 
ditional examples of simple but very useful diode circuits will also be provided, as 
well as some typical applications for series RC circuits. 


Reversed Polarity Protection 


In many cases, equipment designed to operate from a DC voltage source may 
be permanently damaged if the power supply connections are inadvertently re- 
versed. 


If the equipment is designed to operate from a single polarity supply, you can get 
reversed polarity protection by connecting a diode in series with one of the supply 
leads, as shown in Figure 7-1 A. Here, the diode is forward biased only if the DC 
supply voltage is such that terminal A is positive with respect to terminal B. If the 
polarity of the DC supply voltage is reversed, the diode is reverse biased. Since 
a reverse biased diode acts like an open circuit, the equipment is effectively 
disconnected from the DC supply voltage. 


Integrated circuits, IC's, often require dual supply voltages. An example of re- 
versed polarity protection popular with IC's is illustrated in Figure 7-1 B. Here, a 
diode is required for both the positive and negative supply leads. In both single 
and dual supply reversed polarity protection circuits, the foward voltage drop across 
the diodes should be as small as possible. For this reason, Schottky-type diodes 
are recommended for reverse polarity protection applications. 


DC 
A EQUIPMENT 





SINGLE POLARITY 


+V 


-у 
DUAL-POLARITY 


Figure 7-1 


Reversed polarity protection for single-and dual-type power supplies. 
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Elementary Heating Control 


Soldering irons, and other devices that employ heating elements, have definite 
"warm up times". Consequently, in those construction projects that require soldering 
as intermediate steps, you are faced with the following options: 


1. Leavethe soldering iron plugged in during the time you are working on the 
project. 


2. Alternately plug and unplug the soldering iron as required. 
Obviously, the first option wastes power and the second option wastes time. 


A slight modification of the soldering iron, as shown in Figure 7-2, provides an attrac- 
tive third option. In Figure 7-2B, the voltage across the soldering iron, R, is: 


1. Zero volts for switch position 1. 


2. A half-wave signal, whose peak value essentially equals Vm for switch 
position 2. 


3. Тһе full-line voltage for switch position 3. 


With advanced mathematics, it can be shown that the rms value of a half-wave 
signal is: 
Vins = 1015 Vim (Eq. 7-1) 


Recall that the rms value is the equivalent amount of DC with respect to the heating 
effect produced. Since the rms value of a sine wave is 0.707 Vm, the soldering iron 
will dissipate less power when the switch is in position 2 than when the switch is in 
position 3. Specifically: 





Position 2 T VEE ЖЕ ОБ ЖБ 
чүзү Ri Ri 

Position 3 = (ESSE NOV 0.5 V? 

в т а 
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Thus, the soldering iron dissipates approximately half the power for switch position 2 
as compared to switch position 3. The power calculations are only "approximate" be- 
cause the value of Н, changes with temperature. Nevertheless, it is clear that the 
soldering iron dissipates considerably less power for the half-wave signal, position 
2, than for the full line voltage, position 3. 


The addition of an appropriate diode, and rotary switch to your soldering iron permits 
you to utilize the warm option on projects requiring soldering as intermediate steps. 
This reducesthe power consumption of the soldering iron. Also, the time required for 
the soldering iron to heat up from WARM to HOT is considerably less than the origi- 
nal warm up time. Thus, you save both time and money. This, of course, is desirable! 





120Vrms 





ORIGINAL CIRCUIT 


DEEST 







2 WARM 


120Vrms 
60 


MODIFIED CIRCUIT 


Figure 7-2 


Rectifying the line voltage to provide a “WARM” option for a soldering iron. 
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Diode Arc Suppressors 


Figure 7-3 shows a relay coil that is energized from a DC voltage source. Once the 
switch in Figure 7-3A is closed, the coil current exponentially rises to the Ohm's law 
value of V/R,. From the discussion of В, switching circuits in Unit two, it should be 
clear that the charging current is described by: 


it) = M (1-e*^) (Еа.7-2) 


where V = source voltage in volts (V) 
R, =coilresistance in ohms (О) 


т  =time constant, E ‚іп seconds (S) 
с 


То de-energize the relay coil, the switch is opened as shown in Figure 7-3B. During 
the time required to open the switch, the coil current must decrease from an initial 
value of V/R, to a final value of zero. Since the coil current decreases to zero in very 
little time, the magnetic field surrounding the coil collapses very quickly. Con- 





DE-ENERGIZ ING THE RELAY 


Figure 7-3 


An example of a switching circuit with an inductive load. 
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sequently, a large voltage is induced in the coil once the switch is opened. Stated 
mathematically, the coil voltage at the instant the switch is opened is: 


А! 


Уос 


(Еа. 7-3) 


where V, -»w(0)involts (V) 
L -іпдисіапсе in Henries (Н) 
Al = change іп current in amperes (A) 
At =time required for the coil current to de- 
crease to zero in seconds (S) 


Example 7-1 
In Figure 7-3 V = 15V, Б, = 100, and L = 0.25H. 
Determine: 


(a) The steady-state coil current once the switch is 
closed. 


(b) The time required to reach the value in (а). 


(c) Тһе coil voltage at the instant the switch is opened, 
assuming it takes 10ш6 to open the switch. 


()!- 4 - Jg = 1.5А 
ІІ 0.25Н 
(менге ақ 100 = 25mS 


The steady-state current is reached after a period of time equal to five time constants 
has elapsed. Thus: 


t = 57 = 5 (25mS) = 0.125 5 
(c) Employing Equation 7-3 yields: 


Al 
Vo = Lb -it 


1.5A 
== — = I 
V, = 0.25H 1048 37 500V! 


Even though the source voltage is only 15V, 37.5kV is induced іп the coil at the in- 
stant the switch is opened. The induced voltage is large enough to produce arcing 
across the switch contacts as shown in Figure 7-3B. 


7-11 
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A simple method to suppress arcing in inductive circuits is illustrated in Figure 7-4. 
Note that, when the switch is closed, the DC voltage source reverse biases the diode 
as shown in Figure 7-4B. Since Ra >> R,, the diode effectively acts like an open cir- 
cuit. Consequently, the circuit in Figure 7-4B is essentially equivalent to the RL 
charging circuit in Figure 7-3A. For this reason, after five time constants have 
elapsed, the coil current equals the steady-state value of V/R,. 


If the switch is now opened, the voltage induced in the coil forward biases the diode 
as shown in Figure 7-4С. Here, the forward resistance of the diode provides a dis- 
charge path for the coil current. Thus, the discharging coil current is now described 
by: 


i(t) = ы е“  (Eq.7-4) 


wheret = ————— 
В, +e 


Since i(t) flows through re, the voltage across the diode and coil equals: 


Vre е“ 





V (t) = (Eq. 7-5) 


с 


Since rẹ typically is < R,, the magnitude of the coil voltage at the instant the switch is 
opened is x V. For this reason, the induced coil voltage is not large enough to pro- 
duce arcing across the switch contacts. 


Due to their excellent switching characteristics, Schottky barrier-type diodes are 
recommended for arc suppression circuits. For arc suppression applications, the 
diodes PIV rating should be at least twice the value of the DC source voltage. In 
addition, the diodes peak current rating should be greater than the steady-state coil 
current, УВ. 
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R 


Vaa 
| i 
ы 8——— 


CIRCUIT 


C 


i(t) 





CLOSING THE SWITCH 


Vrett) 





OPENING THE SWITCH 
Figure 7-4 


A diode arc suppressor. 
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Wave Shapers 


Various clipper combinations can be used to provide numerous wave-shaping 
functions. For example, you can easily get an approximate square wave by driving 
a dual-type clipper from a sinusoidal voltage source as illustrated in Figure 7-5. 
Here, the "squareness" of the output voltage depends upon the amplitude of the 
sine wave and the clipping level, V. 


R 
V 
m 
N 
m 


Figure 7-5 


os Е = 


i] 
iHi 


Using a dual-type clipper as a sine to square wave converter. 


Most modern function generators produce sinusoidal voltages by changing the 
shape of an internally generated triangular voltage. For purposes of comparison, 
Figure 7-6A illustrates a sine wave that has been superimposed on a triangular 
wave. Here, note that for most of the cycle both waves essentially have the same 
shape. For this reason, it is possible to obtain а good approximation of a sine wave 
by rounding off the peaks of a triangular wave. 


The circuit in Figure 7-6B is essentially that of a positive peak, shunt-type clipper. In 
this case, however, an additional resistor, В, has been placed in series with the 
diode. The function of В, is to introduce a bowing effect similar to the one you en- 
countered in Experiment 8. For this reason, the positive peaks of the output voltage 
appear slightly rounded as shown in Figure 7-6B. 


In Figure 7-6B, the point at which the slope of the output voltage departs from the 
slope of the triangular voltage is called a breakpoint. The value of the breakpoint is 
determined by the voltage Vg. Consequently, you can adjust the breakpoint value by 
varying the value of R,. Similarly, the slope change above the breakpoint is deter- 
mined by the value of the bowing resistor, Rz. Thus, by varying both В, and Ro, you 
can adjust the shape of the positive peaks of the output voltage to obtain the best fit. 
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To shape both positive and negative peaks, a modified dual-type clipper is required. 
In addition, by adding more diodes and resistors, you can obtain virtually any 
number of breakpoints and slope changes. In this way, it is possible to generate 
sinusoids with less than one percent total harmonic distortion. 


A typical triangular to sine converter is illustrated in Figure 7-6C. Here, the upper por- 
tion of the circuit shapes the positive peaks and the lower portion of the circuit 
shapes the negative peaks. Frequently, wave shapers are used with active devices, 
such as Op-Amps, to amplify and buffer the shaped waveform. 






A 
ур = 
p у= В 
E: ui p 
Jl T 
MODIFIED POSITIVE PEAK SHUNT-TYPE CLIPPER 
С 





CASCADED DUAL-TYPE CLIPPERS 


Figure 7-6 


Triangular to sine conversion. 
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DC Restoration 


The essential difference between a pulse train and square wave is that a pulse train 
has an average value that is not zero. Consequently, if a pulse train or another 
asymmetrical waveform passes through a transformer or coupling circuit, the DC 
component is removed as shown in Figure 7-7A. 


In order to restore the DC level of the signal waveform, a clamper may be employed 
as shown in Figure 7-7B. Here, both the input and output waveforms have an 
average value of 2.5V. Clampers employed for the purpose of restoring the DC level 
of a signal waveform are generally referred to as DC restorers. DC restorers are 
used in capacitively coupled vidio amplifiers in television receivers. In this case, a 
negative DC voltage is added to the vidio signal in order to cut off the picture tube 
during blanking periods. 


А 
5V 


C 2.5V 
отс = FE: 
-2.5V 
R 
COUPLING CIRCUIT WITH А PULSE TRAIN INPUT 


ЖЕРІ 
0 





ў T 
DC RESTORER 


Figure 7-7 


Using a clamper for DC restoration. 
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Catching Diodes 


Transistors and other semiconductor devices are often used to perform a switching 
function. In such applications, the semiconductor device can be modeled by a switch 
as shown in Figure 7-8A. Note that the switch drives a capacitive load, C. 


Without the diodes, the capacitor will charge through R, to the source voltage, М, 
when the switch is open. Similarly, the capacitor will discharge through the switch 
resistance once the switch is closed. Consequently, in the absence of the diodes, 
the capacitor voltage would appear as shown by the dashed lines in Figure 7-8C, as 
the switch is alternately opened and closed. 


In Figure 7-8B, the circuit of Figure 7-8A has been redrawn to emphasize the 
purpose of the diodes. D, and V, constitute a positive peak-type clipper, while 0, 
and V, function as a negative base-type clipper. Therefore, D, and У; remove 
voltages above V,, while D; and Va remove voltages below V>. For these reasons, 
the capacitor voltage appears as shown by the solid line in Figure 7-8C. 


Catching diodes are often used in digital circuits to reduce the rise and fall times of 
digital waveforms. 








EQUIVALENT CIRCUIT 


D 


ШЕ. 


ORIGINAL CIRCUIT 





x ТА 
мМ >) 


01 


CAPACITOR VOLTAGE 
Figure 7-8 


Catching diodes. 
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De-emphasis Circuit 


The ability of a frequency modulated, FM, signal to suppress noise is less for high 
frequency components than for low frequency components. To minimize this effect, 
the higher frequency audio components are amplified, or emphasized prior to 
transmission. Naturally, the use of a pre-emphasis circuit alters the normal 
relationship between the high and low frequency audio components of the 
transmitted signal. 


To restore the natural balance between the high and low frequency audio 
components, a de-emphasis circuit is required in the FM receiver. Figure 7-9A and 
Figure 7-9B respectively illustrate the frequency characteristics of the pre-emphasis 
and de-emphasis circuits. Here, the de-emphasis curve is just the opposite of the 
pre-emphasis curve. The imbalance between the high and low frequency audio 
components introduced at the transmitter is precisely compensated for at the 
receiver. 


You should recognize the de-emphasis curve in Figure 7-9B as the frequency 
response curve of a low-pass RC filter. Furthermore, note that the cutoff frequency is 
2.12kHz. Thus, you can calculate the required time constant for the de-emphasis 
circuit as folows: 


РТО. 
* — 24RC 


1 1 


Не = et ООЛО) 





= 758 


А typical de-emphasis circuit is illustrated іп Figure 7-9C. As you сап see, the de- 
emphasis circuit is simply an RC low-pass filter whose time constant equals 7548. 
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AvdB 


f (kHz) 





0.5 2.12 
PRE-EMPHASIS CURVE 


f (kHz) 





DE-EMPHAS|S CURVE 


AUDIO 


R 
P 
INPUT ies OUTPUT 
ТІ | 


DE-EMPHASIS CIRCUIT 
(RC = 75s) 


Figure 7-9 


Application for a low-pass filter. 
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Self-Test Review 


You can obtain sine waves by "shaping Т waves. 

The rms value of a half-wave voltage equals — times V. 

The average value of a pulse trainis —  ăć 

The time constant of standard de-emphasis circuits is 

A de-emphasis circuitis an ехалреоа Т filter. 

You can decrease the rise and fall times of digital waveforms by using switch- 

ing circuits that utilize diodes. 

7. When an asymmetrical signal is processed by an RC coupling circuit, the 

a — is removed. 

8. Byconnecting. | | .  J in series with the power supply leads, you 
can protect a circuit from failures due to reversed polarity connections. 

9. Relay coils are often shunted with a diode to suppress arcing when the relay is 





ЕАС а 








10. You can obtain approximate square waves from sine waves by employing a 
MS clipper. 





Answers 


. triangular . catching 
17015 . DC level 


. notzero . diodes 
. 755,8 . de-energized 
low-pass . dual-type 
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MEASUREMENT APPLICATIONS 


Diodes, resistors, and capacitors have numerous applications in basic measure- 
ment circuits. By using these components with a DC ammeter or DC voltmeter, you 
can construct a surprisingly large number of simple, yet very useful, measurement 
circuits. 


Meter Protection 


The moving coil mechanism of an ammeter is wound with very fine wire. For this 
reason, the ammeter has a very definite resistance. If excessive current flows 
through the ammeter, the moving coil mechanism can easily be destroyed. Con- 
sequently, it is desirable to provide some form of meter protection circuit. 


You can get the simplest form of protection by shunting the meter with two diodes as 
shown in Figure 7-10B. Here, the voltage across each diode equals the voltage 
across the meter, Imn Rm. In the absence of an overload, the turn-on voltage of the 
diodes is greater than the voltage across the meter. For this reason, the diodes are 
normally reverse biased and, therefore, act like open circuits. 


When the meter is overloaded, the voltage across it exceeds the turn-on voltage of 
the diodes. Depending upon the direction of the meter current, either D, or Dz will be- 
come forward biased. In this case the meter is protected, since most of the current 
flows through the forward-biased diode rather than through the meter. 


METER 





PROTECTED CIRCUIT 


Figure 7-10 


A DC meter protection circuit. 
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Increasing Current Ranges 


The moving coil mechanism, by itself, is capable of measuring relatively small cur- 
rents; typically in the pA to mA ranges. To extend the current handling ability of the 
circuit, a resistor is placed in parallel with the moving coil mechanism as shown in 
Figure 7-11B. Here, the current through the moving coil mechanism via the current 
division principle is: 


12 Вен 


== 
Rm + Вен 


Solving for the value of the shunt resistor, Вен yields: 
L Rm + 1, Аѕн = 12 Аѕн 
I; Rm = l2 Rsu- h Вен 


h Rm = Аѕн (lo 1;) 





where Rg, = required shuntresistance іп ohms (О) 
Rm resistance ofthe moving coil mechanism in ohms (Q) 
ІІ —full-scalecurrentofthe moving coil mechanism in amperes (A) 
lə = full-scale current of the shunted ammeter in amperes (A) 


: -e 05а 


ORIGINAL AMMETER 





SHUNTED AMMETER 


Figure 7-11 


Increasing the current range of an ammeter. 
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Example 7-2 


A moving coil mechanism has a resistance of ЗКО, and a full- 
scale current rating of 100A. Calculate the shunt resistance re- 
quired to measure currents up to 10mA. 


HRS 100A (3kQ) 











Em S = 
5н a-h 10mA-1004A 
1001. (ЗКО 
Вен = “ша = 30.30 


In the shunted ammeter, 100рА flows through the moving сой mechanism апа 
9.9mA flows through the shunt resistor when the total current equals 10тА. Also, 
since Вен || Rm, the effective resistance of the shunted ammeter is ЗКО || 30.30, or 
approximately 300. 
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DC Ammeter to DC Voltmeter Conversion 


A DC ammeter is easily converted to a DC voltmeter with the addition of a series re- 
sistor as shown in Figure 7-12. Here, series resistor R, is used to limit the current 
through the moving coil mechanism to the rated full-scale value, l4, when the full- 
scale voltage, Ут is being measured. 


Since R, and Rm are connected in series, current 1, is, from Ohm's law: 





for 
я. + Rm 
Solving for R, yields: 
I, Rg + 1) Rm = Vr 
I, Rs = Vr- l Rm 
Vı—-4 R 
Hox cm 
la 
V 
R, = 4” - R»,  (Eq7-8) 
1 
where R, = required series resistance in ohms (Q) 


Мт full-scale voltage in volts (V) 
|, = full-scale current of the moving coil mechanism in amperes (A) 
Ra resistance of the moving coil mechanism in ohms (О) 


Figure 7-12 


Converting a DC ammeter to a DC voltmeter. 





Example 7-3 


Determine the series resistance required to convert the moving 
coil mechanism of example 7-2 into a 0-10V DC voltmeter. 


V. 10V 
В, = — -Rm = 


" —3КО = 97КО. 
F 100p A 





Scale Expanders 


Commercial voltmeters usually employ several series resistors, and an appropriate 
switching arrangement to provide a variety of DC voltage ranges. A typical multi- 
meter, for example, provides DC voltage ranges of 2.5, 10, 50, 250, and 1000 V. 


Let's assume that you wish to measure DC voltages between 10.5V and 12.5V with 
a typical multimeter. In this case, you select the 0-50V range for the measurements 
as shown in Figure 7-13A. Because the range of measured values is a small portion 
of the 0-50V scale, it would be very difficultto accurately read the measured values. 


By "expanding" the portion of the scale you are interested in, you can obtain much 
more accurate readings, as shown in Figure 7-13B. Here, note that the lower range 
of the scale corresponds to 10V, while the upper range of the scale corresponds to 
12.5V. 


% 0 


d 


ORIGINAL 0-50V SCALE 





EXPANDED SCALE 


Figure 7-13 


The concept of scale expansion. 
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0 - 2. 5V RANGE 





Figure 7-14 


A 10V to 12.5V expanded-scale DC voltmeter. 


An elementary expanded-scale voltmeter can be constructed as shown in Figure 
7-14. Here, note that a 10V zener diode is connected in series with the positive test 
probe. Consequently, for input voltages less than 10V, the reverse biased diode acts 
like an open circuit as shown in Figure 7-154. In this case, the voltage across resistor 
R equals zero volts, and there is no deflection of the voltmeter. 


— 10у 
Vin> 10У "| 
R$ 1k V=V y= -10V 
MIN” 10V 
Figure 7-15 


Equivalent circuits for the expanded-scale DC voltmeter in Figure 7-14. 
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When the input voltage exceeds 10V, the zener diode acts like а 10V DC voltage 
source as shown in Figure 7-15B. Now, the voltage developed across resistor R 
equals Vin – 10V. By using this relationship, the data in Table 7-1 was obtained. 








Table 7-1 


Resistor voltages for the expanded-scale voltmeter in Figure 7-14. 


In Figure 7-14, note that the 0-2.5V DC voltmeter measures the voltage developed 
across resistor R. Consequently, when Vinis 11V, the voltmeter reads 1V. Similarly, 
when Vin is 12.5V, the voltmeter reads 2.5V. Thus, by mentally adding 10V to the 
voltmeter reading, you effectively have the expanded scale illustrated in Figure 
7-13B! 

For proper operation, resistor R must be small enough to ensure that the diode con- 
ducts sufficient current to remain in the zener region when Vin exceeds 10V. Also, to 
minimize loading, the DC voltmeter R must be small compared to the voltmeters 
input resistance. For these reasons the expanded-scale voltmeter has a relatively 
low input resistance — which is undesirable. You can increase the input resistance 
substantially by employing active components, such as Op-Amps. 
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Peak-Type AC Voltmeter 


How can you construct a circuit to measure an AC voltage? To begin, you can 
convert the AC voltage into a relatively pure DC voltage. The resulting DC voltage 
can then be measured with a DC voltmeter. 


The peak-type AC voltmeter in Figure 7-16 works in the manner just described. 
Here, the diode and capacitor form a positive peak detector. Thus, the DC ca- 
pacitor voltage is essentially equal to the positive peak value of the AC input 
voltage. As you can see, the DC capacitor voltage is measured with the DC 
voltmeter. 


Figure 7-16 DC VOLTMETER 


A peak-type AC voltmeter. 





Example 7-4 


A multimeter has an “ohms per volt” rating of 20kQ/V. The input 
resistance of the multimeter, when used as a DC voltmeter, 
equals the ohms per volt rating times the voltage required to 
produce full-scale deflection. For example, on the 0-10V range, 
В, equals 200k. Similarly, on the 0-50V range, R;„ equals 1M. 


Assuming that you are using the 0-50V range, sketch a circuit for a 0-50V peak-type 
AC voltmeter. Assume that the frequency of the AC input voltage is between 100Hz 
and 10kHz. 


In this case, fmin = 100Hz; and А = 20kQ x SOV, or 1MQ. Thus: 


< 


= 0.01S 


f..  i00Hz 





БОТ, 50(0.018) 
CS EK ү - усе 
R TMO n 


dd 
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0. 5uF 0-50V RANGE 


с Есжан 
Figure 7-17 


Circuit for Example 7-4. 


Figure 7-17 illustrates a sketch of the resulting circuit. Here, the reading of the DC 
voltmeter corresponds to the positive peak value of the AC input voltage. Thus, 
when Vin equals 50V peak, the voltmeter reads 50V. Since the voltmeter is calib- 
rated to indicate the peak value of Vin, the input voltage need not be sinusoidal to ob- 
tain accurate measurements. 


Peak-To-Peak-Type AC Voltmeter 


A peak-to-peak type AC voltmeter can be used to measure asymmetrical signal 
voltages as shown in Figure 7-18. Here, D, and C, form a positive clamper, while 
D; and С, constitute a positive peak detector. The result, of course, is а peak-to- 
peak detector whose output voltage is measured by the DC voltmeter. As was 
the case with the peak-type AC voltmeter, the input resistance of the DC voltmeter 
is in parallel with the peak detector capacitor, C». 





—+ 
tour d 


0 


DC 
VOLTMETER 


Figure 7-18 


A реак-іо-реак type AC voltmeter. 
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Waveform Converters 


In Unit 6, you learned that a long time-constant low-pass filter functions as an 
integrator, and a short time-constant high-pass filter functions as a differentiator. 
Recall that an integrator provides an output voltage proportional to the area under 
the input waveform. Similarly, a differentiator provides an output voltage 
proportional to the slope of the input waveform. 


R 
Vin Ow эг Mo 
T 


INPUT VOLTAGE OUTPUT VOLTAGE 
у. у 
іп 0 
imn: t 7 t 
CONSTANT RAMP 


< е < 
= 
m 
ae 
о 
Es 





(-) COSINE 
in V 
o 
| | | | >! 0 : 
SQUARE TRIANGULAR 
Vin 
NA. t 
TRIANGULAR PARABOLIC 
Figure 7-19 


Integrator input and output waveforms. 


wa, 
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Both integrators and differentiators can be used as simple "waveform converters". 
Figure 7-19 and Figure 7-20 respectively, illustrate how integrators and differen- 
tiators change the shape of frequently encountered signal waveforms. Obviously, 
there are numerous applications for these waveform converters. For example, the 
Spikes you obtain by differentiating a square-wave make excellent trigger pulses 
for pulse and digital circuits. 


INPUT VOLTAGE OUTPUT VOLTAGE 


Vin Yo 
TeS He 
0| — gAMP 0! — CONSTANT 

ү 


— 


Q == 
=) 
- 
ЕЗ е 
о 
2d 


TRIANGULAR SQUARE 


Figure 7-20 


Differentiator input and output waveforms. 
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Rate Meter 


The various sections of a basic frequency, or rate meter are indicated by the block 
diagram in Figure 7-21А. The operation of the circuit may be described as follows: 


1. The Ac input voltage is converted to a square-wave by the biased dual- 
type clipper. 


2. Тһе square-wave is converted into positive- and negative-going spikes by 
the differentiator. 


3. Тһе negative-going spikes are removed by the negative clipper. 


4. Тһе remaining positive-going spikes drive a DC voltmeter. 


BIASED 
NEGATIVE DC 
A DUAL-TYPE DIFFERENTIATOR CLIPPER VOLTMETER 


CLIPPER 





BLOCK DIAGRAM 


DC 
VOLTMETER 





Figure 7-21 


An elementary rate meter. 
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When а DC voltmeter measures an AC waveform, the voltmeter deflects to the 
average DC value of the waveform. In this case, the average value of the positive 
spike train is proportional to the frequency, or number of spikes per second. 
Consequently, the reading of the DC voltmeter varies directly with the frequency 
of the AC input voltage, from which the positive spike train is derived. 


A simple circuit and appropriate waveforms for the rate meter are illustrated in Figure 
7-21B. Here, R4, D4, О, and the two DC voltage sources comprise the biased dual- 
type clipper. Similarly, C and R make up the differentiator portion of the circuit. 
Diode О» serves as a negative clipper so that only positive spikes are fed to the DC 
voltmeter. 


In order for the rate meter in Figure 7-21B to properly track changes in the signal 
frequency, the amplitude of the positive spikes should be approximately 40V or 
more. For this reason, it may be necessary to amplify the AC input signal prior to 
employing the rate meter circuit. 


Diode Checker 


Since many of the circuits discussed in this course use diodes, we will conclude 
this applications section by considering a simple diode checker. 


The light-emitting diode, or LED, is a special type of diode. As the name implies, 
it emits light when it is forward biased. Similarly, no light is emitted when an LED 
is reverse biased. For purposes of this discussion, we are primarily concerned 
with what an LED does, rather than how it does it. If you would like to know more 
about LED's, consult the Heathkit/Zenith Optoelectronics course, EE-105, for ap- 
propriate details. 
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TEST DIODE 





R 


Figure 7-22 


Diode checker. 


The circuit for the diode checker is illustrated in Figure 7-22. Here, the value of R is 
chosen to limit the peak current through either LED to a safe value, generally 5 to 
10mA. Assuming that the test diode is "good," the circuit operates as follows: 


On the positive half cycle of the input voltage, the test diode and LED 1 are forward 
biased. Consequently, LED 1 lights. During this time, LED 2 is reverse biased, and 
therefore remains off. 


On the negative half cycle of the input voltage, the test diode is reverse biased. Since 
areverse biased diode acts like an open circuit, both LED's are off. Thus, for a good 
diode, LED 1 is turned on once per cycle. If the frequency of the input signal is 


approximately 30Hz or more, LED 1 will appear to be continuously lit for a good 
diode. 


If the test diode is open, no current flows on either the positive or negative half cycle. 
Consequently, both LED's remain off. In the case of a shorted test diode, each LED 
is forward biased on alternate half cycles of the input voltage. For this reason, both 
LED's will appear to be continuously lit. 


The operation of the diode checker is summarized in Table 7-2. 


Table 7-2 






Diode checker. 


Selected Applications 


Self-Test Review 


11. You can achieve a type of overload protection by shunting an ammeter with 
two back-to-back 





12. A moving coil mechanism has a resistance of 1000 and a full-scale current 
rating of 1mA. The shunt resistance required to measure currents up to 10mA 
is therefore —— . ~ | ohms. 


13. The series resistance required to convert the moving coil mechanism in 
question 12 to a 0-20V DCvoltmeteris 0. 


14. The effective resistance of the shunted ammeter in question 12 is 
ohms. 


15. A disadvantage of the expanded-scale voltmeter is the fact that the 
________ resistance is relatively low. 





16. By cascading a peak detector and DC voltmeter, you obtain a 
type AC voltmeter. 


17. If you integrate a square wave, the result isa 7 wave. 
18. If you differentiate a triangular wave, the result is a _ wave. 


19. By cascading a biased dual-type clipper, a differentiator, a negative clipper, 
and a DC voltmeter, you obtain a simple — ^ — . meter. 


20. In Figure 7-22, the test diode is _______if both LEDs appear lit. 


Answers 


peak 
. triangular 
. Square 

rate, or frequency 
. shorted 
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The solutions to the appropriate questions follow: 


HR 
12. В, = pee ПА ООО) an 


l — |l, 10mA – 1mA 
V 20V 
13. Я, 2— - ----- - 1000 = 19.9К0 
| R, 1тА В 


14. Тһе effective resistance of the shunted ammeter is Вен || Rm. Thus: 

А = 1110/1000 = 100 
17. 18. Refer to Figure 7-19 and Figure 7-20 for the appropriate waveforms. 
19. Refer to Figure 7-21 for the appropriate waveforms. 


20. Refer to Table 7-2 on Page 7-34. 
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SUMMARY 


The following points summarize the key ideas of this unit. 
Numerous applications for passive circuits were discussed in this unit. For simplicity, 


the various applications were grouped into general and measurement catagories as 
follows: 


General Applications 


Reversed Polarity Protection DC Restoration. 
Elementary Heating Control Catching Diodes. 
Diode Arc Suppressors De-emphasis Circuit. 
Wave Shapers 


Measurement Applications 


Meter Protection Peak-to-Peak Type AC. 
DC Ammeters Voltmeters. 

DC Voltmeters Waveform Converters. 
Expanded-Scale Voltmeters Rate Meter. 

Peak-Type AC Voltmeters Diode Checker. 


Obviously, there are many more applications for passive circuits than those 
considered here. However, the representative sample considered should give you a 
good idea how passive circuits can be used to perform a number of very useful 
functions. 
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UNIT EXAMINATION 


The following multiple choice examination is designed to test your understanding of 
the material presented in this unit. Place a check beside the multiple choice answer 
(A, B, C, or D) that you feel is most correct. When you have completed the 
examination, compare your answers with the correct ones that appear after the 
exam. 


1. The time constant of a de-emphasis circuit is: 


A. 75mS. 
B. 750S. 
CHIRC 


D. A function of the transmitted frequency. 


2. Modern function generators usually produce sine waves by shaping: 
A. Square waves. 
B. Positive spikes. 
C. Triangular waves. 
D. Совіпе waves. 


3. Adifferentiator with a square wave input has an output that is: 
A. Triangular. 
B. Sinusoidal. 
C. Apulse train. 
D. Positive and negative spikes. 


4. The input resistance of a DC voltmeter equals the ohms per volt rating times: 
The value of Vin required for full-scale deflection. 

The peak value of Vin. 

The DC value of Vin- 

The rms value of Vin- 


Dou» 
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Refer to Figure 7-23 for questions 5 to 7. 


20V luf 


F = 1KHz 100KQ 


Figure 7-23 


Circuit for Questions 5 to 7. 


5. Тһе circuit illustrates a: 
A. _ Differentiator. 
B. Integrator. 
C. Coupling circuit. 
D. Bypass circuit. 


6. V, would be a: 


A. Square wave. 
B. Triangular wave. 
C. Series of positive and negative spikes. 
D. Positive ramp. 
7. Тһе average value of V, is: 
A. 20V. 
Br iow 
С. OV. 
D. 76677; 


8. By cascading a voltage doubler and DC voltmeter, you obtain a: 
A. Реак-іуре AC voltmeter. 
B. Expanded-scale voltmeter. 
C. Peak-to-peak type AC voltmeter. 
D. Rate meter. 
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9. AnLED emits light when: 
Forward biased. 
Reverse biased. 

re = Вв. 

Power is first applied. 


oom» 


10. DCrestoration can be accomplished if you use: 
Clippers. 

Clampers. 

Peak Detectors. 

Pre-emphasis. 


cogo» 


11. A sine to square wave converter uses a: 


A. Biased clamper. 
B. Dual-type clipper. 
C. Rate meter. 

D. Integrator. 


12. An expanded-scale voltmeter employs a 20V zener diode and a 0-50V DC 
voltmeter. The expanded scale is therefore: 


A. 0-20V. 

В. 20V-50V. 
С. 20V-70V. 
О. 50\-70У. 


13. Relay coils are shunted with а diode to: 
A. Decrease rise апа fall times. 
B. Restore the DC level. 
C. Minimize arcing. 
D. Lowerthe coil impedance. 


14. Апаттеіег can be converted to a voltmeter with an appropriate: 
A. Shunt resistor. 
B. Catching diode. 
C. Series resistor. 
D. LED. 
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10. 
11. 


12. 


EXAMINATION ANSWERS 


De-emphasis circuits have a time constant of 7548. 


By employing diode wave shapers, triangular waves are converted 
into sine waves. 


The derivative of a square wave consists of positive- and negative- 
going spikes. 


The product of the ohms per volt rating and full-scale voltage equals 
the input resistance of a DC voltmeter. 


The circuit is a coupling circuit for the 1kHz input signal since at this 
frequency [X,| << R. For the circuit to act like a differentiator, the time 
constant would have to be small compared to the period of the input 
signal. In this case, the time constant is large compared to the period 
of the input signal. Consequently, the circuit does not function as a 
differentiator. 


Since this is a coupling circuit, the output voltage has the same shape 
as the input voltage. Thus, the output voltage would be a square wave. 


When an asymmetrical waveform is passed through a coupling circuit 
the DC level is removed. Thus, the average value of V, is OV, which is 
what a DC voltmeter would read. 


A peak-to-peak type AC voltmeter consists of a peak-to-peak detector 
and a voltage doubler cascaded with a DC voltmeter. 


An LED emits light when it is forward biased. 


Clampers are used to restore the DC level of a signal that has passed 
through a coupling circuit or transformer. 


A dual-type clipper provides an approximate square-wave output for a 
sine wave input, assuming V,, > V. 


The zener diode acts like an open circuit until V;, exceeds V,. Thus, V; 
determines the lower limit of the scale. Once Vin exceeds V,, the DC 
voltmeter reads a voltage equal to Vin — Vz. For this reason, the upper 
limit of the scale equals Ves + V,. In this case, V; = 20V, and Ves = 
БОМ. Thus, the range is 20V to 70V. 
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13. C — You can minimize arcing across the relay contacts by employing a —^ 
shunt diode across the relay coil. 


14. C — Series resistors are used to convert a DC ammeter to a DC voltmeter. 


Unit 8 


EXPERIMENTS 
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INTRODUCTION 


The experiments that follow have been designed to complement the material 
presented in units one through seven. Before building the experimental circuits 
you should first read each experiment to make sure you understand the purpose 
of each step. 


Important Notice 


Newer Heathkit Electronic Design Experimenters employ a 3-terminal power plug, 
rather than the conventional 2-terminal power plug. If you are using one of these 
newer Trainers, and the test equipment you are using (oscilloscope, voltmeter, 
etc.) also employs a 3-terminal power plug, it will be necessary to install a 3-wire 
to 2-wire adapter on the Trainer power plug. This will preclude the possibility of 
blowing a fuse in your Trainer or obtaining invalid results from some of the ex- 
periments. These adapters are inexpensive and readily available at most stores. 


The use of this adapter is necessary only when using test equipment having 
3-terminal power connectors. 


CAUTION 


Care must be taken to insure that all pieces of equipment used in your exper- 
iments are connected to the same power source. 
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EXPERIMENT 1 
DC CIRCUIT ANALYSIS 


Objectives: To verify the superposition theorem. 
To verify Thevenin's theorem. 
To deduce the values of М. and R4 experimentally. 
To verify the maximum power transfer theorem. 


Introduction 


In this experiment you will calculate the voltage across a 10КО load resistor by 
the superposition theorem, and by Thevenin's theorem. Naturally, both methods 
should predict the same response. In addition, you will calculate the load voltage 
and power for ten different values of load resistance. Once your calculations are 
complete, you will build the appropriate circuits and make the measurements 
necessary to verify your calculations. Finally, you will plot a curve of load power 
versus load resistance to experimentally verify the maximum power transfer theo- 
rem. Before you build the circuits discussed in this experiment, be sure to check 
your calculations so that you know what to look for when you make the appropriate 


measurements. 


Material Required 


Heathkit Engineering Design Trainer ET-1000 
Volt-ohmmeter (Heathkit SM-1210 or equivalent) 


1—1 КО, 1/4-watt, 596 resistor 

1—2.2 КО, 1/4-watt, 596 resistor 
1—3.3 КО, 1/4-watt, 5% resistor 
1—4-7 КО, 1/4-watt, 596 resistor 
1--6.8 КО, 1/4-watt, 596 resistor 
2—10 КО, 1/4-watt, 596 resistor 
1—15 КО, 1/4-watt, 596 resistor 
1—22 КО, 1/4-watt, 596 resistor 
1—33 КО, 1/4-watt, 596 resistor 
1—56 КО, 1/4-watt, 596 resistor 


UNIT EIGHT 





Procedure 


1. Calculate the voltage across R, in Figure 8-1A due to the 12V source. 











Va = Va. = = eo NW 
2. Calculate the voltage across R, in Figure 8-1A due to the 5V source. 
Vae = Va. = ене жен V. 
2.2KQ a 100 b 10KQ 
A 
Step 10 
2, 2KQ a 100 b 10KQ 
е 
В 
Step 11 
2.2KQ a 10K? b 10KQ 
С 





Step 12 


Ғідиге 8-1 
Experimental circuits for steps 10-12. 


3. Use the values calculated in steps 1 and 2 to predict the voltage across R, 
when both sources are present. Vab = Va, —. 1 V. 


4. Using the relationship P, = V,?/R,, calculate the load power for steps 


1, 2, and 3. 
BEES pw (step 1) 
Pig = "mu (step 2) 


DX uW (step 3) 


Experiments | 8-7 


5. Doss Pi, + PL = Reas Why? 





6. Calculate the value of Rr, for the circuit in Figure 8-14. 
Ңтн ee КО. 


7. Calculate the value of V4, for the circuit in Figure 8-1А. 
МТН = —— kA 


8. Use the Thevenin equivalent circuit to predict the load voltage and load 
power for the following values of В, :0, 1kQ, 2.2kQ, 3.3kQ, 4.7KQ, 6.8kQ, 
10КО, 15КО, 22КО, 33kQ, апа ohms. Record your calculated values in 
Table 8-1. For what value of R, is the load power maximum? 
zo o Bm o mde 22), 


P, = V|2/R, (uW) 






































Table 8-1 
Calculations for Step 8. 
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Discussion 


In the first part of this experiment, you were asked to analyze the circuit in Figure 
8-1A. The analysis is provided at this point so that you can check your calculations 
prior to building the actual circuits. 


Step 1 Refer to Figure 8-2. 


Reducing the 5V source to zero you have: 


56kQ || 10КО = 8.48к0 
10k + 8.48k = 18.48КО 


18.48k | 4.7k = 3.75kQ 

8.75k + 2.2k = 5.95kQ 
12V 

UNICI ТТ A 


Employing the current division principle: 


= 2.02mA ND. . 0.41mA 


e d (23.18kQ) 
Уы = М, = 0.41тА (10kQ) = 4.1V 


E 
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2.2KQ a l0KQ b 10KQ 
O 





10K | [56K*8. 48KQ 


2, 2KQ а 10КО b 











B 8. 48KQ 
Step 1 
10K+8. 48K«18. 48KQ 
2, 2KQ 
с 18. 48KQ 
4. 7K | | 18. 48К=3. 75KQ 

D 

3. 75KQ * 2. 2KQ «5. 05KQ 

Figure 8-2 


Calculating the voltage across R, due to the 12V source. 
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Step 2 


Step 3 


Step 4 


Step 5 


Refer to Figure 8-3. 


2.2к0 || 4.7kQ = 1.5к0 
10kQ + 1.5kQ = 11.5К0 
11.5kQ || 56kQ = 9.54k0 
9.54kQ + 10kQ = 19.54kQ 


5V 
2110125 
Neo EA O 


Employing the current division principle: 


56k0 
67.5kQ 
Va = М, = -0212тА (10kQ) = -2.12У 


la, = 0.256mA 





= 0.212mA 

The minus sign indicates that terminal A is negative with respect to 
terminal B. 

By superposition: 


Veo = Va = 41V — 212У = 1.98У 














Gavia 
Р, = T eie 16814W (step 1) 
(2.12 V): 
= = 449.4uW (step 2 
а = ОКО Бегер) 
_ (1.98V)? _ 
РЕ осе 3924W (step 3) 


Note that P, + Pi, Æ В... Since power is not а linear quantity 
(P = ЕН), you can not use superposition directly to calculate power 
in DC circuits. Voltage and current are linear quantities and, thus, 
can be calculated by superposition. For this reason P,, represents 
the actual power dissipated by the 10kQ load resistor in Figure 8-1A. 
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2,2KQ а l0KQ b 10KQ 





2. 2K || 4. 7K«1. 5KQ 


a 10КО b 10KQ 
О 





Step 1 
10K *1. 5K=11. 5KQ 


10KQ 





Step 2 
11. 5K | | 56К=9. 54KQ 





9. 54K +10K=19. 54KQ 


Figure 8-3 
Calculating the уоһаде across В, due to the 5V source. 
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Step 6 Refer to Figure 8-4A. Reducing each source to zero and removing 
the 10kQ load resistor you have: 


Ras = Ry = 2.2к0 || 4.7kQ + 10КО || 56КО 
= 1.5kQ + 8.48kQ 


= 9.98kQ = 10КО 
2. 2KQ a b 10KQ 
O O 
A 4. 7KQ 56KQ 
Solving for RTH 
422K а b  l0KO ` 
B 





Solving for VTH 


Figure 8-4 
Thevenizing the circuit in Figure 8-1 A. 


Step 7 Refer to Figure 8-4B. Once the load is removed, the 2.2КО and 4.7k( 
resistors are connected in series. Similarly, the 10КО and 56КО re- 
sistors are also connected in series. By inspection, you can see that: 


М Ми = М, Ме 


Using voltage division you have: 


a _12\(4.7КО) _ 5V(56kN) 
" 6.9kO 66КО 





МЕ 6ТЕ А ау вау 
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Figure 8-5 illustrates the Тһеуепіп equivalent circuit. 


= ко a 


3, 98У, —— Rp 


Figure 8-5 
Thevenin equivaient for the circuit in Figure 8-4A based on calculated values. 
Step 8 In Figure 8-5, the voltage across R, is: 


a VR, _ 3.93V(R) 
C RR 10к0+ = 





(А; is rounded from 9.98kQ to 10k) for simplicity in the above equa- 
tion). 


By substituting the values of R, given in steps 8 (0, 1kO, 2.2КО, 
3.3kQ, 4.7КО, 6.8kO, 10kO, 15КО, 22kO, ЗЗКО, and = ohms) into the 
above formula, you can calculate the load voltage for each value of 
load resistance. Once you know the load voltage, you can calculate 
the load power from: P, = V,2/R,. For example when В, = 1kQ you 





have: 
3.93V(1kQ) 
И ӧ 5 — 4 V 
i 11КО 048 
2 
Р, = (0 35) ш 130,// 


1kQ 
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Similar calculations for the remaining values of R, yields: 


P, = VR. (uW) 





Table 8-2 
Calculated values (Step 8). 
Note that maximum load power results when R, = 10КО. 


Figure 8-6 illustrates the plot of load power versus load resistance 
based on the values in Table 8-2. 


ТД 


Figure 8-6 


Load power versus load resistance 
based on the calculated values in Table 8-2. 
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At this point you are almost ready to begin building the circuits and recording your 
experimental (measured) values. Naturally, you are interested in determining the 
degree of agreement (DOA) between your calculated and measured values. You 
can do this very easily by expressing your measured values as a percentage of 
your calculated values. For example, suppose a voltage in a circuit is calculated 
to be 2v, (V, = 2v). Further assume two experimenters report the following meas- 
ured values: 


Experimenter #1, Vm, = 1.87V 


Experimenter #2, Va = 2.18V 


You can compute the degree of agreement (DOA) between calculated (V.) and 
measured (V,,) values for each experimenter as follows: 


E x 100 = 93.5% 


#1 DOA = 
This indicates that the first experimenter reported а measured value that was 
93.5% of the calculated value. 


#2 ООА -218 x 100 = 109% 


This indicates that the second experimenter reported a measured value that was 
109% of the calculated value. 


Rarely will calculated and measured values agree exactly! By calculating the 
degree of agreement, however, you will quickly determine if you are “in the ball- 
park”. We will have more to say about this concept in later units when we begin 
to design circuits using "real" components. For now, remember that you can 
calculate the degree of agreement between calculated and measured values from 
the following formula: 


DOA zio: x 100 — (Eq.8-1) 


c 


where: Vm = measured value 
V, = calculated value 
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Procedure (continued) 
9. Build the circuit shown in Figure 8-1 A. 


10. Measure V4, . Va = 
puted in step 3. 


V. Calculate the DOA with the value com- 





DOA ^ 198 es 8010) =. кос 


11. Build the circuit shown in Figure 8-1B. Measure Va. V4, = V. 
Calculate the DOA with the value computed in step 1. 





DOA = —— = о 
41 х 100 us киы О 


12. Build the circuit shown in Figure 8-1C. Measure Væ. Va = V. 
Calculate the DOA with the value computed in step 2. 





DOA = — x100-. Т % 
2.12 


13. Build the circuit shown in Figure 8-1A. Measure V» for the following 
values of Ru: 0, 1kQ, 2.2kQ, З.ЗКО, 4.7КО, 6.8kQ, 10КО, 15kQ, 22kQ, 


33kQ, and > ohms. Record your measured values іп Table 8-3. Com- 
plete the load power column by using the relationship P, = Vj?/R,. 





Table 8-3 


Experimental data for step 13. 
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14. Calculate the DOA between measured and calculated values. Record 
this information in Table 8-4. 


Voltages Powers 
В, (О) VA X 100 = % Р,/Р. x 100 = 





Table 8-4 


Degrees of agreement between calculated (step 8) and measured (step 13) values. 
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15: 


Use your experimental data to plot а curve of load power versus load 
resistance on the graph in Figure 8-7. 


PL (uw 


400 





20 30 


Figure 8-7 


Load power versus load resistance based on the measured values in Table 8-3. 


Discussion 


Perhaps your measured and calculated values disagree to a greater extent than 
you thought they would. If this is the case, welcome to the real world! If you 
compare the calculated and experimental power curves, you should note the 


following: 


[P 
2! 
3. 


Both curves have the same general shape. 

Both curves peak (indicating maximum load power) when В, = 10kQ. 
The calculated power curve predicts a maximum load power of approxi- 
mately 388u W. 

Your experimental power curve probably does not predict a maximum 
load power of 388W (it may, but this is unlikely). 
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To help you correctly interpret your data, let's begin by considering the effects of 
the resistor tolerances. Since resistors whose tolerance is + 596 are used, we 
can explain differences between calculated and measured voltages (and cur- 
rents) up to 5% just due to the tolerances of the resistors used in the experiment. 
Depending upon the type of volt-ohmmeter you used to make your measurements 
and how carefully you read the scales, an additional 596 error could have easily 
been introduced. Typically then, your voltage measurements probably disagreed 
with your calculated voltages by approximately 10%. It is also very likely that your 
calculated and measured powers disagreed by a significantly larger percentage. 
To understand why this is so, recall that power varies with the square of the 
voltage. For example, assume that you calculate a voltage of 2V across a 10k 
resistor. The calculated power is: 
(2V)? 


Р = он 
dmg N 


Now assume you measure the voltage across the 10КО resistor and read 1096 
low or 1.8v. The measured power is therefore: 


_ (1.8Vy 
^ 10kQ 





Р, = 324 uW 


Тһе ООА between the measured and calculated power is: 


2 324 — 819 
DOA = 250 * 100 = 81% 


As you can see, even though the measured апа calculated voltages differed by 
only 1096, the difference between the respective powers was 19%! Typically then, 
your power measurements probably disagreed with your calculated powers by 
approximately 2096. 


Up until this point, when you Thevenized a circuit, you did so “on paper”. This is 
not always practical, especially for complex circuits. Fortunately, you can arrive 
at the values of Ry, and V4, experimently. The following method is one way of 
doing this: 


TO MEASURE У... 


1. Physically remove the load from the circuit. 
2. Measure the open circuit voltage. This open circuit voltage is Ут. 
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TO MEASURE R 


1. Remove the load and replace it with a potentiometer (variable resis- 
tor). 

2. Vary the resistance of the potentiometer until the voltage across it 
equals one half Vn. 

3. Remove the potentiometer from the circuit and measure its resistance. 
This equals В... 


Procedure (continued) 


16. Using the method outlined in the preceding Discussion section, ex- 
perimentally determine the values of Vz, and Rz. Мін = V. 
EE КО. The 100k potentiometer on the ET-1000 Design 
Experimenter can be used to determine R-n. 








17. Adjust the output voltage of the variable power supply to the value of 
Vn measured in step 16. Set the 100КО potentiometer to the value 
of Вън measured in step 16, and connect it in series with the supply. 
This circuit is the Thevenin equivalent circuit. You will use it in the 
remainder of the experiment. 


18. Measure the load voltage in the Thevenin equivalent circuit when 
R = 0, 1kQ, 2.2kQ, З.ЗКО, 4.7КО, 6.8КО, 10КО, 15kO, 22kO, ЗЗКО, 
and = ohms. Record the voltages in Table 8-5. 


m "ТЕРІГЕ? 





Measured values for step 18. 
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Discussion 


The values recorded in Table 8-5 should agree closely with those in Table 8-3, 
since the Thevenin equivalent circuit used here was based on measured values 
of Мт. and R-n. The principle source of error in this portion of the experiment is 
the measured value of R4 in step 16. Ri, should have measured close to 10КО. 
If you measured a value of Ry, significantly different from 10kQ, the batteries in 
your volt-ohmmeter might need to be replaced. 
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ЕХРЕНІМЕМТ 2 
MATHEMATICS FOR CIRCUIT DESIGN 


Objectives: 
To experimentally verify the exponential equation 
v(t) = (М, – №) е" + Vo. 
To experimentally determine the resistance of ап in- 
ductor. 
To demonstrate self induction. 


Introduction 


Earlier, you learned how the opening or closing of a switch could introduce abrupt 
changes in current or voltage. Such changes may also be introduced by a signal 
source that goes from one voltage to another very rapidly. To illustrate the 
concept, assume that an uncharged capacitor and series resistor are suddenly 
connected to an 11V source. As you know, the capacitor voltage will rise exponen- 
tially from its initial value of OV to the final value of 11V as shown in Figure 8-8A. If 
the 11V source is now removed, the capacitor voltage remains at 11V as shown in 
Figure 8-8B. 


Now suppose the RC network is suddenly connected to a "zero volt" source as 
shown in Figure 8-8C. Clearly, the capacitor voltage will decay from its initial value 
of 11V to the final value of OV. 


Most experimenters would find it difficult to perform the experiment just described 
and simultaneously observe the capacitor voltage on an oscilloscope! Fortunately, 
you can get the same effect by driving the RC network from a square-wave voltage 
source as shown in Figure 8-8D. In this circuit, when the input voltage is 11V, the 
capacitor voltage will rise exponentially from OV to 11V just as it did in Figure 
8-8A. Similarly, when the input voltage "switches" to OV, the capacitor voltage will 
decay exponentially from 11V to OV just as it did in Figure 8-8C. Since the square- 
wave input voltage continuously drives the RC network, a train of periodic rising 
and decaying voltages appear across the capacitor. Naturally, we have assumed 
that the input voltage remains at 11V and OV long enough for the capacitor to 
completely charge and discharge. In this experiment, you will use the popular 555 
timer integrated circuit to generate the square-wave input voltage. 
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Пу 
пу == C t 


B р vc (t) 
lv * C 11V 


Capacitor charged to 11V 


R Velt) 


D 
uv 
пу 
TE c i 


A square-wave input produces periodic rising and decaying exponentials. 


Figure 8-8 
Circuits for Introduction to Experiment 2. 


Experiments 


Material Required 


Heathkit Engineering Design Trainer ET-1000 
Oscilloscope (Heathkit SO-4550 or equivalent) 
Volt-ohmmeter (Heathkit SM 1210 or equivalent) 
1 — 1000, %-watt, 5% resistor 

1 — 4700, Vve-watt, 5% resistor 

1 — 33kQ, VYe-watt, 5% resistor 

1 — 470kQ, %-watt, 5% resistor 

1 —.1 pF, 25v capacitor 

1 — .01 pF, 25v capacitor 

1 — .001 pF, 25v capacitor 

1 — 4.5 Н iron-core inductor (4246-3) 

1 — Neon Lamp (5412-15) 

1 — 555 Timer (4442-53) 


Procedure 


1. Calculate the time constant of the RC network in Figure 8-9. 
т = KS. 





33KQ 






410К9 
OUTPUT 


0. ШР 


Square-wave generator RC network 


Figure 8-9 


Experimental circuit for steps 1 to 11. 


0-25 
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2. Substitute the initial voltage (0%), final voltage (11V), and time con- 
stant into the exponential equation to obtain an expression for the 
rising portion of the output voltage v (t). v (t) = 





3. Substitute t = 20,5, 40us, 60һ5, 80us, and 100ys respectively into 
the expression obtained in step 2 in order to predict the value of the 
output voltage at these times. Record your calculated values in Table 


8-6. 
Capacitor 
Time (ps) voltage 
DE aL e 





Table 8-6 
Calculated values for the rising exponential. 


4. Substitute the initial voltage (11V), final voltage (OV), and time constant into 
the exponential equation to obtain an expression for the decaying portion of 
the output voltage v; (t). v; (t) = 





5. Substitute t = 20,5, 40,Һ5, 60ps, 80ps, and 100ys respectively into the 
` expression obtained in step 4 in order to predict the value of the output voltage 
at these times. Record your calculated values in Table 8-7. 


Capacitor 
Time (us) voltage 





100 





Table 8-7 
Calculated values for the decaying exponential. 
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Discussion 


Our calculations for steps 1 through 5 are provided at this point so that you can 
check your calculations prior to building the circuit. 


Step 1 т = RC = 4700 (0.14F) = 47us 


Step 2 E uU t) = (М, EM №) en? ar V, 
) =0— tt etes + 11 
{) = 11 – 11e 
) 


= 11 (1 = etes) 


Step 3 For t = 20и we have: 


(2045) = 11 (1 — е 20-7: ) 
х.(20—5) = 11 (1 – е-о4%) 
(2045) = 11 (1 — 2.718-94%) 
v.(20us) = 11 (1 — 0.653) 
(20,5) = 11 (0.347) = 3.82V 


Similar calculations for the remaining times yield: 


v, ( 40ns) = 6.3V 
v, ( 60,5) = 7.94V 
v, ( 80ц5) = 9V 

v, (10045) = 9.7V 


Step 4 х, 


біер 5 Fort = 20,5 we have: 


(20,6) = 11 e-2vsares 
х, (20,6) = 11 e- 426 

v, (20us) = 11 (2.7187) 
v(20us) = 11 (0.653) 

v, (20us) = 7.18V 


Similarly calculations for the remaining times yield: 


v, (A0us) = 4.7V 
v, (60us) = 3.1V 
v, (80,5) 2.01V 
v, (100$) = 1.3V 


You can do the above calculations with a pocket calculator that has 
a y* function. 
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Procedure (continued) 


6. Build the circuit shown in Figure 8-9. Set the vertical sensitivity of the 
oscilloscope to 5V/division, and the horizontal sensitivity to 0.1 ms/ 
division. 


7. Measure the output voltage from the 555 timer circuit (pin 3 ). You 
should observe a square wave of approximately 11V peak whose 
frequency is approximately 1.5 k Hz. If this is not the case recheck 
your wiring. 


8. Measure the voltage across the 0.1ҺҒ capacitor (If you have a dual 
trace oscilloscope, you can do steps 7 and 8 simultaneously). You 
should observe periodic rising and decaying exponential waves. Ad 
just the trace so that the rising portion of the output voltage starts at 
the center of the screen, which corresponds to t — 0. Sketch the ob- 
served waveform in Figure 8-10. 


E Rae S ЕЕ 
BEBE mE 
НЫ el 





Volts/division= 5 Time/division -0. 1ms 


Figure 8-10 


Waveform observed in step 8. 


9. Carefully measure the output voltage at t = 20,5, 40һ5, 60,5, 80ps, 
апа 100,5. Since the horizontal sensitivity is set to 0.1mS (100s) per 
division, one fifth of a division represents 20рѕ. Record your measured 
values in the column labeled v, (t) in Table 8-8. 
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Tme(s) | ыу | o wo 





Table 8-8 
Data for steps 9 and 11. 


10. Adjust the trace so that the decaying portion of the output voltage 
starts at the middle of the screen, which corresponds to t — 0. Sketch 
the observed waveform in Figure 8-11. 










Volts/division=5 Time/division = 0. 1ms 





Figure 8-11 


Waveform observed in step 11. 


11. Carefully measure the output voltage at t = 20,5, 4045, 60,5, 8035, 
and 100,5. Record your measured values in the column labeled vz (t) in 
Table 8-8. 
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Discussion 


If you took careful measurements, your calculated (Table 8-5 and Table 8-6) and 
measured (Table 8-8) values should agree reasonably well. It is especially im- 
portant that you carefully defined the point corresponding to t = 0 before you 
took data. When you examined the output voltage from the 555 timer (step 7), 
you probably noted that the square-wave remained at + 11V slightly longer than 
it did at OV. Also, the square-wave probably did not have a peak value of exactly 
ІМ, and tended to “droop” slightly. These and other factors, such as measurement 
technique, component tolerances, etc., introduced some errors into your mea- 
surements. Nevertheless, your calculated and measured values probably did not 
differ more than + 1596. If your calculated and measured values differed signifi- 
cantly, try repeating the measurements exercising great care in defining the point 
on the waveforms corresponding to t — O prior to taking data. 


Procedure (continued) 


12. With the power off, wire up the circuit shown in Figure 8-12.Since the 
neon lamp requires approximately 70V to ignite and the source voltage 
is only 12V, the neon lamp will act like an open circuit. 


NEON 
LAMP 





Figure 8-12 


Experimental circuit for steps 12 to 14. 


13. Turn the power on. Ideally, what should the steady-state inductor volt- 
age equal? V, (ideal) — V. Measure the voltage across the 
inductor. V (meas) = _____V. 





14. Disconnect the ground lead. Describe what happens. ыт, 
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Discussion 


Ideally, the voltage across an inductor is OV when the current through the inductor 
is constant. Since there is no relative motion between the (constant) magnetic 
field and inductor, the induced voltage is zero. Real inductors have resistance (as 
well as inductance) because the wire used to wind the inductor has resistance. 
Thus, in the steady-state, a real inductor acts like a resistance (equal to the 
resistance of the wire from which it is wound) rather than a short circuit. Іп some 
circuits the resistance of the inductor is negligible, while in other circuits the re- 
sistance of the inductor is quite significant. Clearly, in this experiment, the resist- 
ance of the inductor was significant. You can estimate the resistance of your 
inductor by employing the voltage division principle; since, in the steady-state, the 
12V source divides between the series 100€) resistor and the resistance of the 
inductor. Thus: 


"Na 6s 
Hess T NONE, 


When you are finished reading the discussion portion of this experiment, you 
should employ the equation just provided and your measured value of inductor 
voltage to calculate the resistance of your inductor. 


When you disconnected the ground lead (step 14), you should have observed 
that the neon lamp lit momentarily. When the ground lead was "broken," the 
magnetic field surrounding the inductor collapsed rapidly. As a result, the relative 
motion between the rapidly collapsing magnetic field and inductor induced a large 
voltage in the inductor. Since the neon lamp is connected in parallel with the 
inductor, the same voltage was across the neon lamp. Obviously, the induced 
voltage was large enough to light the lamp. Once the magnetic field was com- 
pletely collapsed, the induced voltage was zero and the lamp extinguished. 


How much energy did the inductor deliver to the lamp? To begin to answer this 
fascinating question, you can use your experimental values of inductor voltage 
and resistance to estimate the steady-state inductor current from: 


р = у, (meas) 
|] mca 
В, (са!) 
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Recall that the energy stored in the magnetic field of an inductor is given by: 


Although the measured values will differ from experiment to experiment, the cal- 
culations for energy stored in the inductor are given here using typical values. 


The voltage measured across the inductor, V., is approximately 8.2V. Using the 
voltage division principle: 


РУЛА 
1000 +R, 
(100 Q + В.) 82V = 12V: RL 
В, = 215.79 0 


82У- 


Therefore, the steady-state inductor current is: 


РӘ VL (meas) 


Ri (са) 
_ 82V 
~ 215.790 
| = 38 mA 


( 


Now, using the steady-state current and the value of the inductor, you have: 


ЕИ; 

2 
w -5 - 45H - (.038)° 
W = 32 mW 


Thus, you can calculate the energy stored by your inductor under steady-state 
conditions. This is the energy that was delivered to the lamp when you suddenly 
opened the circuit by disconnecting the ground lead in step 14. 


Experiments. | 8-33 


EXPERIMENT 3 
AC CIRCUIT ANALYSIS 


Objectives: To analyze elementary AC circuits by series- par- 
allel techniques, and by Thevenin's theorem. 
To verify the maximum power transfer theorem for 
the case of a complex source impedance, and a 
purely resistive load. 


Introduction 


Complex numbers enable you to use the methods of DC circuit analysis in AC 
circuits. When you are calculating AC power, you must use rms values of current 
and voltage. The total power supplied by an AC source to the circuit is given by 
P = V4, cos Ө. In this formula, the term cos 0 is called the power factor. Maximum 
power transfer occurs in AC circuits when the load impedance equals the conju- 
gate of the Thevenin source impedance. In the case of a purely resistive load, 
maximum power transfer occurs when the load resistance, R,, equals the absolute 
value of the Thevenin impedance of the source VR? + Хы. 


Material Required 


Heathkit Engineering Design Trainer ET-1000 
Oscilloscope (Heathkit SO-4550 or equivalent) 
1 — 1КО, %-watt, 5% resistor 

1 — 2.2КО, Va-watt, 5% resistor 

1 — 4.7kQ, Va-watt, 5% resistor 

1 — 6.8КО, У4-май, 5% resistor 

3 — 10kQ, %-watt, 5% resistor 

1 — 15КО, V4-watt, 596 resistor 

1 — 22КО, Va-watt, 5% resistor 

3 — 33kQ, Va-watt, 5% resistor 

1 — .01uF, 25V capacitor 

1 — 741 Op Amp (442-22) 
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Procedure 


1. Calculate the reactance of the 0.014 F capacitor in Figure 8-13A. 
X. = -j ohms. 





2. Calculate the impedance between points A and B in Figure 8-13A. 
Note that Zae — Б; | Xa Тав = kD = | КО. Convert Zi 
from rectangular to polar form. Zas = Kor 











3. Calculate the total impedance in Figure 8-13A. Note that 2; = В, + 








Жар Йй = oI) | КО. Convert Z+ from rectangular to 
polar form. Zas = КО Z 
4. Calculate l- from |; = =. Note that the calculated value of I, is a peak 
TT 
value. = ——— mAZ 





5. In Figure 8-13A, Уң, = Ус = Vo = Vab. Using the value of Zap Ob- 
tained in step 2 and the value of l- from step 4, calculate the peak output 
voltage from Vo = lt Zap. Vo = МІ Si 


Discussion 


The calculations for steps 1 through 5 are provided at this point so that you may 
check your calculations prior to building the circuit. 


=| = eT 
секи е е cS 
Step 1 X. = 2816 ^ 2z(1KHz)(01x 10-9) l 
Step 2 Zæ = 93к0 || - j 15.9 КО 
ж _33(-115.9) шз 33 *j159 |. 
8 83-j159 33-j159 33 + ј 15.9 
- j 524.7 (33 + | 15.9) 
Басши 
Zas 332 + 15.92 
8 342.7 —j 17 315.1 l 
EEEO орана 59k 
25 ЕТТТ О = 6.22 КО -j 12.9 КО 


Converting to polar form: 


2а = У(622)2 + (12.9)? КО – 7 arctan 128 
215 = 1422 kN Z — 64.26" 
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Figure 8-13 


Measuring voltage and phase shift. 


886 000000200 





біер 3 Z: =R, + Ze = 33КО + 6.22kN -j 12.9kQ 
Z, = 39.22К0 -j 12.90 
Converting to polar form: 
12.9 
+ = V(39.22? + (12.9)? - 2 arcta 
с ы гсапзо 22 
Z, = 41.29КО Z - 18.2 
Ste 4 =| _ ov eb ore Pa = о 
р Ur MZ UTERIS 0.121 mA 4 18.2 
Step 5 Vo = Мв = h Ze 


Vo = (0.121тА 4 18.2?) (14.32КО 2 —64.26°) 
Vo = 1.73V / — 46.06° 


Procedure (continued) 


6. For the remainder of this experiment you need a 5V peak, 1kHz 
signal source. To get this you must add a "post amplifier" to the 
sine wave output of the ET-1000 Electronic Design Experimenter. 


A diagram of this amplifier is shown in Figure 8-13C. With the 
power turned off, construct the circuit shown in Figure 8-13C. 
The 100kQ potentiometer on the ЕТ-1000 is used for the gain 
adjust control. 


Turn the FREQ control of the Experimenter fully counterclockwise 
and set the FREQ MULTIPLIER control to x1K. 


Now, turn the power on and observe the "post amplifier" output 
on your oscilloscope. Use the gain adjust control to obtain the 
desired 5V peak output. If necessary, adjust the frequency con- 
trols to obtain a 1kHz signal. 


Construct the circuit shown in Figure 8-13A. Connect the output 
of the "post amplifier" to the circuit input. You are now ready to 
proceed with the remainder of the experiment. 


7. Adjust the trace so that Vin starts at the center of the screen as 
shown in Figure 8-13 B. If you have a dual-trace oscilloscope, 
measure vo using the second channel. Record the peak value of 
the output voltage. Vo — V. 
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8. With a dual-trace oscilloscope, you can measure the angle 0 by 
which the output voltage lags the input voltage as shown in Figure 
8-13B. Record the values of t, T, апа the angle 0.1 = _, 





[CE х= ‚ If you took careful mea- 


surements your measured values should be in close agreement 
with the values calculated in step 5. 


In the second part of the experiment, you will employ Thevenin's theorem to 
experimentally verify the maximum power transfer theorem for the case of a com- 
plex source impedance, and a purely resistive load. 


9. In Figure 8-14, the circuit from part one of the experiment is used to 
drive a resistive load. Thus, the circuit serves as a source for the 
resistive load, R,. Calculate the Thevenin impedance of the circuit 
as seen from load terminals A and B. 

Zm = — —kQ - j —— kQ. Convert Zm from rectangular to 
polar form. “тн = Koo 





33KQ A 





Figure 8-14 


Maximum power transfer. 


10. Based on the maximum power transfer theorem, what value of 
А, should produce maximum power transfer? В, =—— kQ. 


11. Calculate the Thevenin voltage V- as seen from load terminals 
A B. Wru = E za DA — 


12. Use the Thevenin equivalent circuit to predict the peak voltage 
across the load resistor when R, equals the value calculated in 
ер 10 Мы c RE T 





13. Calculate the maximum possible load power. Pa (тау = 
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Discussion 


Our calculations for steps 9 through 13 are provided at this point so that you may 
check your calculations prior to building the circuit. 


Step 9 To calculate Z4, you remove the load and reduce the voltage source 
to zero as shown in Figure 8-15A. Thus: 


Zm = 33КО || 33kQ || —j 15.9 КО 
Zm = 16.5К0 || -| 15.9kO 
. 16.5 (—] 15.9) 


Za 2—0 
™ 165 —] 15.9 
22126235 16.5 + j 15.9 
" 16.5 —ј 15.9 16.5 +ј 15.9 
—] 262.35 (16.5 +j 15.9) 
а а аа "= Kü 
2 16.52 + 15.92 
4171.36 —j 4328.8 
= ка 
Zr 525.06 


Zw = 7.94 КО —)8.24КО 


Converting to polar form: 


c pene ыал к= 8.24 
Zw = V(7.94)? + (8.24)2 - 4 arctan- с 
Zm = 11.44 КО Z — 46.06° 


біер 10 In the case of a purely resistive load, maximum power transfer occurs 
when R, equals the absolute value of the Thevenin impedance. Thus 
В, = |2тн| = 11.44КО. 


біер 11 To calculate V}, you remove the load, R,, and determine the open 
circuit voltage as shown in Figure 8-15 B. Since the circuit in part one 
is used to drive the load, V;,, equals the value of the voltage calculated 
in step 5. Thus V7, = 1.73 V / —46.06*. 
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эзко А 
-115, 

33KQ pase d 
ZTH 

B 

Calculating 2тң 

33KQ A 
"T 26 -jI5. 9КО | 

В 


Calculating Vr 





(7. 94-j8. 24)КО 





Утн 
1.73V 
2-46,069 


Ryall. АКО 


Thevenin equivalent 


Figure 8-15 


Thevenizing the circuit in Figure 8-14. 
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Step 12 


Step 13 


The Thevenin equivalent circuit is illustrated in Figure 8-15C. We will 
use the voltage division principle to calculate V, . 


The total impedance Z, is: 


Z, = Zm + Re 
7.94 КО -j 8.24kO + 11.44kQ 
Z, = 19.38 КО -j 8.24 КО 


N 
E 
І 


Converting to polar form: 


_ 8.24 

= К 2 Е 2 k = a 
Z, = V(19.38)? + (824)? КО – 7 arctan = 
Z, = 21.06 КО Z — 23.03? 


Applying the voltage division principle: 


R. 11.44kQ 
=V, = 1.7309 4600 ———— ———— 
шылы 2227 3 oo 21.06kQ Z – 23.03? 


Va = 0.94 V L- 23.03? 


V 


Thus, when В, = 11.44kQ, the output voltage is 0.94V peak, and lags 
the input voltage by 23.03°. 


Converting the peak voltage calculated in step 12 to an rms value, 
you obtain: 


Thus: Va, = 0.707 (0.94) = 0.664V ms 


_ V2 _ (0.664)? 


Pan, =e. = 38; 
Мб д PEAdKG 7 385 RW 
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~ A Procedure (continued) 


14. With the input voltage adjusted to 5V peak at 1kHz, measure the 
peak voltage between terminals A and B, Figure 8-4, forthe follow- 
ing values of R,: 1k, 2.2, 4.7k, 6.8k, 10k, 11.5k, 15k, 22k, and 
33kO. You can connect a 6.8kO and 4.7КО resistor in series to get 
11.5КО. Record your measured values іп Table 8-8. 





Table 8-9 
Data For steps 14 and 15. 


15. Calculate the rms voltages and power for each value of load 
resistance in Table 8-9. 


Discussion 


The data in Table 8-9 should indicate that maximum power transfer occurs when RL 
== 11.5kQ, since this is reasonably close to the calculated value of 11.44kQ in step 
10. The calculations in this experiment are tedious due to the fact that complex num- 
bers must be used to analyze AC circuits. A dual-trace oscilloscope is useful for 
measuring the difference in phase between two voltages when the phase angle is a 
significant portion of one cycle. Small phase differences are not easily measured 
with an oscilloscope. For this reason, you may have experienced some difficulty if 
you tried to measure the phase angle for those values of R, where the phase shift 
was not a significant portion of one cycle. 
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Table 8-10 contains the data and calculations derived from typical results for this 
Experiment. As you can see, maximum power transfer occurs when R, is 
approximately equal to 11.5КО. 


Remember, component tolerances, instrument loading effects, and other factors 
usually result in actual voltages that are different from the calculated values. Also, 
recall from Experiment 1 that such errors are “magnified” when calculating power. 
For these reasons, your data probably indicates that maximum power transfer 
actually occurs for some values of R, between 10kQ and 15КО. 


Table 8-10 


Typical values for steps 14 and 15. 
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EXPERIMENT 4 
CAPACITORS 


Objective: To demonstrate the use of coupling and bypass 
capacitors. 
To select capacitor values for coupling and bypass 
circuits. 


Introduction 


Virtually all capacitor types find applications in coupling and bypass circuits. The 
function of a coupling capacitor is to pass AC signals and block DC signals. 
Bypass or decoupling capacitors serve just the opposite function. Consequently, 
bypass capacitors decouple AC signals and allow DC signals to be present at the 
circuit output. 


The values of both coupling and bypass capacitors are chosen so that their re- 
actances at the lowest frequency to be coupled or bypassed is small compared 
to the Thevenin resistance as seen from the capacitor terminals. A useful rule of 
thumb is to select a capacitor whose reactance is RH4,/20 at the lowest frequency 
to be coupled or bypassed. Both coupling and bypass capacitors are widely used 
in transistor circuits, electronic instruments, filters, and many other applications. 


Material Required 


Heathkit Engineering Design Trainer ET-1000 
Oscilloscope (Heathkit SO-4550 or equivalent) 
1 — 10kQ, va-watt, 5% resistor 

1 — 22КО, V4-watt, 5% resistor 

1 — 39КО, va-watt, 5% resistor 

1 — 68kQ, v4-watt, 5% resistor 

1 — 100kQ, %-watt, 5% resistor 

1 — .1 pF, 50V, ceramic capacitor 
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Procedure 


1. Calculate the Thevenin resistance between A and B for the coupling 
circuit in Figure 8-16A. Вен = ко. 





2. Calculate the value of the minimum size capacitor іп Figure 8-16А to 
provide good coupling for signals between 1kHz and 100kHz. 


C-. | JF. 


3. Calculate the Thevenin resistance between point B and ground for the 
bypass circuit in Figure 8-16 B. Ry, = КО, 


4. Calculate the value of the minimum size capacitor in Figure 8-16 В to 
provide good bypassing of signals between 1kHz and 100kHz. 


@ = avs ШЕ, 
А 
1080 А с В 
1.41V 
peak 22KQ 
1KHZ 
Coupling circuit 
B 
100KQ _ A 
68KQ 
1.41у В 
реак 
1KHZ 
39KQ С 


Bypass circuit 


Figure 8-16 
Circuits for Experiment 4. 


Experiments 


Discussion 


Our calculations for steps 1 through 4 are provided at this point so you can check 
your calculations prior to building the circuits. 


Step 1 To calculate Вт}, you remove the capacitor and replace the voltage 
source by a short circuit. Thus: 


Ras = Вы = 10kQ + 22КО = 32kQ 








біер 2 
R 

For good coupling, |X.| = aa at the lowest frequency to be coupled, 

which is 1КН2 in this case. 

Thus: 

32k0 
|х. -— = 160 
Finally: 
с з ж S 
ЫК (628 ok 

Since a standard value capacitance of 0.1F is readily available, we 

select С = ОЛЫҒ for the coupling capacitor. 
Step 3 Removing the capacitor and reducing the voltage source to zero in 

Figure 8-16B we have: 

Rm = (100kQ + 68kQ) | З9КО 
Rm = 168kQ | 39К0 = 31.7КО 

біер 4 

For good bypassing |X.| = A at the mimimum frequency of 1kHz. 

Thus: 

|.817k0 
IX| = 55 = 1.58 КО 











= 0.1pF 
w|X] (6.28 х 105) (1.58КО) 2 


Since ОЛҺҒ is a standard value, we select С = 0.1uF for the bypass 
capacitor. 


0-45 


8-46 | UNIT EIGHT 


Procedure (continued) 


5. Now that you have determined the capacitors values, draw the 
waveforms of the voltages that you would expect to see at points A and 
B for the coupling circuit in Figure 8-16A. Use Figure 8-17 for your 
sketches. Assume that the input signal is a 1kHz, 1.41V peak sinusoidal 





waveform. 
Ay (0 B ро 
0 0 
AC voltage AC voltage 
0 0 
DC voltage DC voltage 
Figure 8-17 


Predicted waveforms for steps 5 and 6. 


6. Repeat step 5, but assume a 12V DC input voltage. 


7. Construct the circuit shown in Figure 8-16A. Measure the peak values 
at points A and B. V4 = V. Ve = V. 








8. Repeat step 7 with the signal source set to minimum frequency. Now 
increase the frequency of the signal source to maximum. Does the 
coupling improve as frequency increases? 





9. Replace the AC source with a 12V DC source. Now measure the 
voltages at points A and B. V, — V. Vg = М. 
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Discussion 


To a reasonable approximation, coupling capacitors act like a short circuit for an 
AC signal whose minimum frequency is equal to or greater than the minimum 
frequency used to calculate the coupling capacitor's value. 


Figure 8-18A and 8-18B illustrate the DC and AC equivalent circuits for the cou- 
pling circuit. 


A 
10KQ A B 
PAN 
pea 
IKHZ c 
Coupling circuit 
AC equivalent 
B 
10К0 А В 


Coupling circuit 
DC equivalent 


Figure 8-18 
AC & DC equivalent circuits for steps 5 and 6. 


Since the capacitor acts as a short: 


Step 5 In figure 8-18A V4 = Vs = Vx. Using voltage division: 


| 144V (22kQ) 


= M, 
Va 8 ЧОКО + 22к0 


= 0.97V peak 


8-48 | UNIT EIGHT 


Step 6 As you know capacitors act like open circuits for DC signals. Figure 
8-18B illustrates the DC equivalent circuit that results once the ca- 
pacitor is replaced by an open in the coupling circuit. 


In Figure 8-18B, the current is zero due to the open circuit. Thus, the 
voltage across the 10kQ and 22КО resistors is also zero. Conse- 


quently: 
МТМ ТЕУ 
Va = 0 + 12V = 12V 
Vg = Vox = OV 


Figure 8-19A and 8-19B are the sketches of the predicted AC 
waveforms. Since the coupling capacitor acts as a short, both volt- 
ages are identical. 


Figures 8-19C and 8-19D depict the predicted DC voltages. The cou- 
pling capacitor acts as an open to DC. In this case, the applied voltage 
is dropped across the capacitor: Zero volts at point B and +12 volts 


at point A. 


А vw B 0 





-0. 97V -0. 97V 






AC voltages AC voltages 


Ур 


DC voltage DC voltage 


Figure 8-19 


Sketches of waveforms for steps 5 and 6. 


біер 7 The voltages measured in this step should approximate the voltages 
calculated in step 5. Bear in mind, however, that the tolerance of the 
components used in the circuit will effect the actual measurements. 


Step 8 Below 1kHz, the coupled signal is attenuated. This happens because 
the circuit is designed to couple signals from 1kHz to 100kHz. When 
the frequency of the applied signal exceeds 1kHz, coupling is maxi- 
mum. 


Step 9 Because the coupling capacitor blocks DC, you should have measured 
12 volts DC at point A, and 0 volts DC at point B. 


Procedure (continued) 
10. Draw the voltage waveforms that you should expect to find at points 


A and B of the bypass circuit shown in Figure 8-16B. Assume an input 
signal of 1.41V peak at 1kHz. Use Figure 8-20 for your sketches. 


Vat) Vy) 
AC voltage AC voltage 
VA Vg 
DC voltage DC voltage 
Figure 8-20 


Predicted waveforms for steps 10 and 11. 


11. Repeat step 10 but assume a 12V DC input. 
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12 


13. 


14. 


Construct the circuit shown in Figure 8-16В. Measure the peak volt- 
ages at points A and B. V4 = V. Vg = М. 








Repeat step 12 with the input signal at minimum frequency. Gradually 
increase the frequency of the input. What effect does the increase in 
frequency have on the voltages at points A and B? 


Remove the AC source and replace it with a 12V DC source. Measure 
the voltages at points A and B. V, = М. МУ = V. 








Discussion 


Step 10 


Step 11 


In Figure 8-21A the 39КО resistor is shorted by the bypass capacitor. 
Therefore, Vg — OV. 


The voltage at point А equals the voltage across the 68КО resistor. 
Once again, using voltage division: 


_ 141V (68k) | 
kOe завио) Шы ы 
When the АС source is replaced with а 12V DC source, the voltage 
from point A and B to ground is found by voltage division because the 
bypass capacitor acts as an open. Thus, in Figure 8-21B: 


12V (68kQ + 39kQ) 
= C= 62У 
Va 100К0 + 68kQ + 39kN 
7 12V (39kQ) 
B 


= FooKN + бака = зэка СГ? 


In Figure 8-22, the voltage waveforms for both the AC and DC circuits 
are shown. 
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B 
100KQ Г 100KQ 
68KQ 
B 
ІРУ == 
39KQ 
Bypass circuit AC equivalent Bypass circuit DC equivalent 
Figure 8-21 
AC & DC equivalent bypass circuits. 
Vg 
А В 
t 
0 
-0. 57V 
AC voltage AC voltage 
VA Vg 
С D 
6. 2V 
i 2. 26V i 
0 0 
DC voltage DC voltage 


Figure 8-22 
Calculated responses for the bypass circuit. 
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Step 12 The voltage measurements obtained in step 12 should be relatively 
close to the voltages calculated in steps 10 and 11. Again remember, 
component and instrument tolerances may cause variations from the 
ideal calculations. 


Step 13 When you vary the input signal to the bypass circuit, you should notice 
an appreciable voltage change measured from point B to ground. At 
frequencies below 1kHz, X, increases, causing this voltage drop. 


Step 14 Replacing the AC source with a 12V DC source effectively removes 
the capacitor from the circuit. Now, the voltage at point B is the voltage 
dropped across the 39k€ resistor. The voltage measured at point A 
is the sum of the voltage drops across the 39k and 68КО resistors. 


For this experiment, your calculated and measured values should be in reasonably 
close agreement. Since the capacitor selected for both the coupling and bypass 
circuits was calculated based on a minimum frequency of 1kHz, increasing the 
frequency improves the coupling and bypass action. Similarly, for frequencies less 
than 1kHz, the effectiveness of the capacitors to couple and bypass signals is 
reduced. Your measured values should convince you that coupling and bypass 
capacitors act like open circuits for DC signals, and approximate short circuits for 
AC signals. 
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EXPERIMENT 5 
DIODE APPROXIMATIONS 


Objectives: To experimentally determine the effects of a diodes 
turn-on voltage, forward resistance, and reverse re- 
sistance in a circuit. To develop a model for a type 
IN4148 diode. 


Introduction 


Ideally, a diode should act like a closed switch when it is forward biased, and like 
an open switch when it is reversed biased. Real diodes have finite values of 
forward and reverse resistance. Also, real diodes do not conduct appreciably until 
the forward voltage exceeds the diodes turn-on voltage. 


In order to minimize the nonideal properties of real diodes, component values 
should be chosen so that: 


V220V, 
В > 20 г. 


R < 20 Ra 


where: V = voltage driving the diode 
V4 — diode turn-on voltage 
R = resistance in series with the diode 
re — forward diode resistance 
Rr = reverse diode resistance 


The turn-on voltage for germanium diodes is about 0.3V. Similarly, silicon diodes 
typically have a turn-on voltage of approximately 0.7V. 


[ме ____ - 


А typical IV curve for a diode is illustrated in Figure 8-23. By experimentally 
determining the values of V4, V}, ||, and 1,, you can estimate the forward diode 
resistance as follows: 





where: Уң = reverse diode voltage 
la = reverse diode current 





Figure 8-23 
Typical diode IV curve. 


Material Required 


Heathkit Engineering Design Trainer ET-1000 
Oscilloscope (Heathkit SO-4550 or equivalent) 
Volt-ohmmeter (Heathkit SM-1210 or equivalent) 
1 — 1000, va-watt, 5% resistor 

1 — 2200, va-watt, 5% resistor 

1 — 3300, “%-watt, 5% resistor 

1 — 4700, Y%-watt, 5% resistor 

1 — 10МО, %4-watt, 5% resistor 

1 — IN4148 silicon diode 
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Selected specifications for a type 1N4148 diode include: 


Power dissipation 250 mW 
Maximum foward DC current 75mA 

Reverse current (25°С) at V = —20V 25nA maximum 
Reverse current (150°C) at Vz = — 20V 50nA maximum 
Procedure 


1. Build the circuit shown in Figure 8-24A. Using the oscilloscope, mea- 









sure Vin and V3. MIN = V. У, = MA 
A T 1000 
VIN EY 104148 V2 


{| 5v I 1N4148 | 


Steps 3 to 5 


C 1N4148 


T 
| 


Steps 6 and 7 


Figure 8-24 
Experimental circuits for steps 1-7. 
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2. Calculate the current, 1;, from the values measured in step 1. 


Vin ғы V; АБ 
1000 ——— 





mA. 


А 


3. Build the circuit shown іп Figure 8-24 B. Using the oscilloscope mea- 
súre Vn апа V. Vin) ССС у, = ү. 





4. Calculate the current l, from the values measured in step 3. 


Уы езгі у, a 
ae ОО ША 





5. Calculate the diodes forward resistance. 





6. Build the circuit shown in Figure 8-24C. Use the oscilloscope to meas- 
ure the DC voltage across the 10 МО resistor. V = | | V. 


7. Heat the diode with a match held approximately one half inch from 
the diode. As soon as the output voltage starts to increase, extinguish 
the match. Exercise caution in this step of the experiment! 


8. From the IN4148 specifications provided previously, estimate the re- 
verse diode resistance at 25°С and 150°C. 








Ra = МО (25°С) 
Ra = МО (150%С) 
Discussion 


In steps 1 through 4, you recorded the data necessary to estimate the forward 
resistance of your diode. The value you calculated in step 5 should be less than 
100, with ЗО being typical. Naturally, the value you obtained depends upon the 
specific properties of your diode. 


Once a diode's turn-on voltage is reached, small changes in the voltage across 
the diode produce relatively large changes in the current flowing through it. For 
this reason, in order to obtain accurate results, it is essential that you accurately 
read the voltages you measured in steps 1 and 3. If the diodes forward resistance 
you obtained in step 5 exceeds 100, repeat steps 1 through 5. Take special care 
to measure V; and V, as accurately as possible. 
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Ideally, the output voltage іп Figure 8-24C equals zero, since the diode is reversed 
biased by the 20V source. The output voltage you measured in step 6 is deter- 
mined by the reverse resistance of the diode, Аһ, and the effective load resistance, 
R,', as shown in Figure 8-25. Here, the effective load resistance equals the 
parallel combination of the 10MQ resistor and the input resistance of the oscillo- 
scope. 









i 


Е-- 


Equivalent circuit 


Figure 8-25 
Equivalent circuits for steps 6 and 7. 


Most oscilloscopes have an input resistance of 1MQ with a X1 probe, and 10М0 
with a X10 probe. Consequently, if you use a X10 probe in step 6, R,’ will equal 
10МО || 10М0, or 5МО. Similarly, with a X1 probe, R,’ will equal 10М0 || 1MO, 
or 0.909МО. In any event, you can see in Figure 8-25B that the input voltage 
divides between Rpg and R,'. Applying the principle of voltage division, you obtain: 


В.” 
> “Ra + В’ 


Solving for Rp yields: 


= (Vin M) В,’ 


Ra V. 


(Eq. 8-1) 


Equation 5-1 can be used to estimate the reverse resistance of the diode from 
your measured values. 
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In step 8, the reverse resistance of the diode was calculated from the specifica- 
tions provided previously. Specifically: 


20V 
Ra --—— = 800 МО (25°C) 


= T = 0.4 МО (150°C) 
The values of R, calculated in step 8 are “worst case", or minimum, values since 
the maximum expected values of la are used in the calculation. As you can see, 
Ны decreases significantly for large increases in temperature. Consequently, when 
you heat the diode in step 7, its reverse resistance decreases. Because the input 
voltage divides between Rp and the 10М0 resistor, the voltage across the 10МО 
resistor increased significantly when the diode was heated. 


Procedure (continued) 


9. Use equation 8-1 to calculate the reverse resistance of the diode. 
Ва = . | ... МО. Your calculated value should equal or exceed 


800М0. 


10. Assuming ап ideal diode, calculate the diode current in Figure 8-26. 
b= mA 





11. Calculate the diode current in Figure 8-26 taking the diodes turn-on 
voltage and forward resistance into account. Ip = mA 





12. Build the circuit shown in Figure 8-26. Use the volt-ohmmeter to mea- 





sure the diode current. lp (meas) = — mA. 
2200 1N4148 
5V 1 3300 1000 
Figure 8-26 


Experimental circuit for steps 10-12. 
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Discussion 


Perhaps the easiest way to analyze the circuit in Figure 8-26 is to treat the diode 
and 1000 resistor as the load, and then apply Thevenin's theorem. Thus: 


Removing the load and replacing the 5V source with a short circuit you can see 
that: 


Вы = 3300 | 2200 = 1320 


To calculate V-m, the load is removed and the resulting open circuit voltage cal- 
culated. Thus: 
нй || 5V(3300) 0 
Уә = № 72200 + 3360 3У 
Тһе Тһеуепіп equivalent circuit for step 10 is shown іп Figure 8-27А. Неге, the 
diode current is: 


3V 


(= = Fars: 
Toes io. ae 


Similarly, Figure 8-27B illustrates the Thevenin equivalent circuit for step 11. Note 
that the 1N4148 diode has been modeled by the series combination of the diodes 
turn-on voltage, an ideal diode, and the diodes forward resistance — which is 
assumed to be ЗО. The value of re you obtained in step 5 тау be somewhat 
larger or smaller than 3. In Figure 8-27B, the diode current is: 





Ун — У ЗУ — 0.77 
lo = aa МД eo АЖ EE SS 9.8 mA 
Ви +1 + А 1320 + 30 + 1000 
А - 
Ктң>1320 ideal 
Үтиз3/ 
n В Етң-1320 07У 32 
шіре: 
-— 
| 
s D R 
IDW Vr T 1000 
Step 11 
Figure 8-27 


Thevenin equivalent circuits for steps 10 and 11. 


Ms o e e e eerassnt на 


The diode current measured in step 12 should agree closely with the value you 
calculated in step 11. 


Based on your data, you should conclude that the turn-on voltage was a significant 
factor in this experiment. The forward resistance of the diode was not very sig- 
nificant because it was small compared to the equivalent series resistance, 2320, 
in Figure 8-27B. 
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ЕХРЕНІМЕМТ 6 
FULL-WAVE RECTIFIERS 


Objectives: To analyze three full-wave rectifier circuits. 
To experimentally verify the calculated values. 


Introduction 


Full-wave rectifiers form the backbone of modern power supplies. Compared to 
a half-wave rectifier, full-wave rectifiers offer the following advantages: 


1. Larger DC output voltage. 
2. Smaller AC output voltage. 
3. Simplified transformer construction. 


In this experiment you will analyze the three most popular full-wave rectifier cir- 
cuits. In addition, you will take appropriate measurements to verify your calculated 
values. 


Table 5-2 and Table 5-3 in your text summarize the formulas necessary to analyze 
the most frequently encountered rectifier circuits. 


Material Required 


Heathkit Engineering Design Trainer ET-1000 
Volt-ohmmeter (Heathkit SM-1210 or equivalent) 
Oscilloscope (Heathkit SO-4550 or equivalent) 

2 — 1kQ, 1-май, 5% resistor 

2 — 4.ТКО, 1-май, 5% resistor 

4 — 1N4002 silicon diodes 
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Procedure 


1. Use the oscilloscope to measure the full secondary transformer voltage 
onthe ЕТ-1000 Trainer. Мас ------У. 


2. Based on the measured value іп step 1, predict the peak voltage 
driving the diodes for the rectifiers in Figure 8-28. 








Center-tapped rectifier уз = у 
Bridge rectifier = V 
Dual supply rectifier v= V 





3. Based on the measured value in step 1, predict the peak inverse 
voltages across the diodes for the rectifiers in Figure 8-28. 








Center-tapped rectifier PIV = V 
Bridge rectifier BIME у 
Dual supply rectifier PIV = V 





4. Foreachrectifier in Figure 8-28 calculate the DC load voltage, DC cur- 
rent, DC diode voltages, and DC diode currents. Record your calcu- 
lated values in Table 8-11 (Page 8-66). 
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Dual supply rectifier 1KQ 


Figure 8-28 


Experimental circuits for steps 1-9. 
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Discussion 


Our calculations are provided at this point so that you can check your calculations 
prior to building the circuits. 


Step 1 The full secondary transformer voltage should be approximately 42V 
peak. Depending on the actual value of your line voltage, you may 
measure a peak value slightly larger or smaller than 42V. 


Step 2 Vm for the center-tapped rectifier and dual supply rectifier equals one 
half the full secondary peak voltage. Similarly, V,, equals the ІШІ sec- 
ondary peak voltage in a bridge rectifier. Thus: 


Ul 


Center tapped rectifier Vn = 42V/2 = 21V 
Bridge rectifier Ут = 42У 
Dual supply rectifier 42У/2 = 21V 


< 
3 
ll 


The formulas for the remaining calculations are provided in Table 5- 
2 and Table 5-3. 


Step 3 
Center-tapped rectifier PIV = 2/, = 2(21V) = 42V 
Bridge rectifier PIV = V, = 42V 
Dual supply rectifier дм = ду э д = сү 


Step 4 CENTER-TAPPED RECTIFIER 


Voc = 0.636 V, = 0.636 (21V) = 13.36V (load) 
_ 0.636 (21V) 


le = 0.6361, =— a = 13.36 mA (load) 
Voc = 0.636 V, = 0.636 (21V) = 13.36V (diodes) 
е = 0.318 I, -0318 (21V) _ 6 gama (diodes) 


1kQ 
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BRIDGE RECTIFIER 


Voc = 0.636 V, = 0.636 (42V) = 26.7V (load) 


0.636 (42V) 
ре = 0.636 |І, 2—————— = 11. 
ос 5 2.35kQ 11.36 mA (load) 
Voc = 0.318 V,, = 0.318 (42V) = 13.36V (diodes) 
Ж _ 0.318 (42V) | ; 
ro = OSE —7 850 ^ 5.68 mA (diodes) 


DUAL SUPPLY RECTIFIER 


Voc = + 0.686V, = 0.636 (21V) = + 13.36V (loads) 


0.636 (21V 

е = 0.6361, O8 EM = 13.36 mA (both loads) 

Voc = 0.636 М, = 0.636 (21V) = 13.36V (diodes) 
0.318 (21V 

Іс = 0.318 Im 997. 8M) — 6.68 mA (diodes) 


Note that since both loads are equal, the peak diode and load currents are equal. 


Procedure (continued) 
5. Build the circuit shown in Figure 8-28A. Measure the DC load current, 
and DC diode currents with the volt-ohmmeter connected as a DC 


ammeter. 

lbc (load) = mA 
Ibe (01) = ----ТА 
lbc (02) = —____mA 


6. Measure the DC load voltage and DC diode voltages with the volt- 
ohmmeter connected as a DC voltmeter. 


Voc (load) = КӨМЕ Ty 
T ыа и, 
Voc (Dg) = -у 


Record the measured values of load voltage and load current in Table 
8-11 (page 8-66). For the diode voltages and currents, record the 
average of your measured values in Table 8-11. For example, if you 
measured 13.6V across D, and 13.2V across D;, you would record 
(13.6V + 13.2V)/2 or 13.4V in Table 8-11 for the measured value. 


7. Measure the load and diode voltages with the oscilloscope. Load volt- 
ages should be full-wave signals, and diode voltages half-wave sig- 
nals. 
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8. Repeat steps 5 through 7 for the circuit in Figure 8-28 B. Connect two 
4.7kQ resistors in parallel to obtain the 2.35КО load resistor. 


9. Repeat steps 5 through 7 for the circuit in Figure 8-28 C. 


Discussion 


Our calculated values were based on the assumption that the rectifier diodes were 
ideal. 


For the circuits used in this experiment, the voltages driving the diodes were large 
compared to the diodes turn-on voltage. Also, the load resistances were large 
compared to the foward resistance of the diodes. Consequently, the real diodes 
should have approximated the characteristics of ideal diodes. Thus, your mea- 
sured and calculated values should have been in close agreement (approximately 
== 1290) 


Center-tapped rectifier 
QUANTITY CALCULATED MEASURED 
DC load voltage 
DC load current 
DC diode voltages 
DC diode currents 


Bridge rectifier 
QUANTITY CALCULATED 
DC load voltage 
DC load current 
DC diode voltages 
DC diode currents 


Dual supply rectifier 
QUANTITY CALCULATED MEASURED 
DC load voltages 
DC load currents 
DC diode voltages 
DC diode current 





Table 8-11 


Calculated and measured values for Experiment 6. 
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EXPERIMENT 7 
SMOOTHING FILTERS 


Objectives: To design a choke-input filter. 
To investigate the characteristics 
of a bleeder resistor. 
To design a capacitor input filter. 
To design a multisection filter. 


Introduction 


Smoothing filters convert pulsating DC input voltages into relatively pure DC output 
voltages. In this experiment, you will design both average and peak-type smooth- 
ing filters for the full-wave rectifier circuits of Experiment 6. 


Appropriate analysis and design equations for capacitor-input and choke-input 
filters are provided in Table 5-4 (page 5-49) and Table 5-5 (page 5-55) respec- 
tively. 


Material Required 


Heathkit Engineering Design Trainer ET-1000 
Volt-ohmmeter (Heathkit SM-1210 or equivalent) 
Oscilloscope (Heathkit SO-4550 or equivalent) 
1 — 1kQ, %-watt, 5% resistor 

1 — 2.2КО, Ve-watt, 596 resistor 

2 — 4.7КО, 16-май, 5% resistor 

1 — 10КО, %-watt, 5% resistor 

1 — 10uF, 50 volt electrolytic capacitor 

1 — 47yF, 50 volt electrolytic capacitor 

4 — 1М4002 silicon diodes 

1 — 4.5 Н choke 
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Procedure 


ig 





Figure 8-29A illustrates the rectifier of Figure 8-28A with the ad- 
dition of a choke-input filter. In Experiment 6, we calculated the 
DC output voltage of the unfiltered rectifier to be approximately 
13.36V. Calculate the minimum inductance required in Figure 8- 
H. 


29A for adequate filtering. Lmin = 








Choke-input filter 


Full-wave 


Rectifier 





Choke-input filter with bleeder resistor 


Figure 8-29 


Experimental circuits for steps 1-12. 


2. Since a 4.5H choke is included in the parts kit, we select L — 





4.5H. Measure the DC resistance of the choke. R, = О. 


Calculate the expected DC output voltage based on the mea- 
sured value in step 2. Voc = V. 





. Calculate the size of the capacitor required so that the percent 


ripple is 39e or less C = ҺЕ. Based on this calculation, 
what standard size capacitor would you recommend for the filter? 
С = БЕЗІ ЕР 
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Discussion 


Sample calculations for steps 1 through 4 are provided at this point so you can 
check your calculations prior to building the circuit. Refer to Table 5-5 (page 5- 
55) for appropriate equations. 





г ас чи 
ca Ine 71900 1000 ~ Н 
Step 2 The measured DC choke resistance is, approximately 2000. 


Step 3 The DC choke input voltage is the DC output voltage from the rectifier. 
Assuming the rectifier output voltage is 13.36V DC, application of the 
voltage division principle yields: 

13.36v (1kQ) 
мава 


оаа М 


_ 830 x 10-• 830 x 10? 


біер 4 5 rL ~0.03(4.5) 








= 6.15 pF 


Since too little ripple is always acceptable, a standard 10ҺҒ 50V 
electrolytic capacitor would be a reasonable choice. 


Procedure (continued) 


5. Build the circuit shown in Figure 8-29 A. Measure the DC load voltage 
with the volt-ohmmeter connected as a DC voltmeter. Voc = 
V. 





6. Measure the peak ripple voltage with the oscilloscope. V, — V 
peak. Multiply your measured value by 0.707 to obtain the approxi- 
mate rms ripple voltage. V, Ме 








7. Calculate the percent ripple from the measured values іп steps 5 and 
Ooh = E %. 
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8. The voltage measured in step 5 represents the full-load voltage. To 
obtain the no-load voltage, remove the 1kQ load resistor and measure 
the DC voltage across the capacitor. Vy. = = М; 





9. Calculate the percent regulation of the power supply from the теа- 
sured values in steps 5 and 8. 


Vu. ui Ун 


FL 


96 regulation = x 100 








% regulation = x 100 = % 


10. Reconnect the 1k load resistor. Place a 10k “bleeder resistor" in 
parallel with the load as shown in Figure 8-29B. Measure the full-load 
DC output voltage. Ун = V. 





11. Remove the 1kQ load resistor and measure the no-load DC output 
voltage. Мм = V. 





12. Calculate the percent regulation of the power supply from the measured 
values in steps 10 and 11. 


Vu = Va 


Fu 


% regulation = x 100 


% reguiation = x 100 = % 








Discussion 


Based on the calculated values, you should have measured a DC output voltage 
of approximately 11.13V with less than 3% ripple. Depending upon the actual line 
voltage and minor component variations, your measured values may vary slightly 
from the calculated values. In any event, you should have obtained results that 
were consistent with Experiment 6. 


When the load is removed from the choke-input filter, the capacitor charges to 
the peak output voltage of the rectifier. Consequently, the no-load voltage you 
measured in step 8 should have been equal to V,,, or approximately 21V. Since 
the filter acts like a peak-type filter under no-load and an average-type filter under 
full-load, the percent voltage regulation is quite large, as demonstrated in step 9. 
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To improve the voltage regulation, a "bleeder resistor" can be placed in parallel 
with the load. The value of the bleeder resistor is chosen so that the parallel 
combination of the bleeder and load resistors approximately equal the value of 
the load resistor. A useful rule of thumb is to select a bleeder resistor whose 
resistance is 10 times the load resistance. 


A bleeder resistor improves the voltage regulation by making the difference be- 
tween the no-load and full-load voltages smaller. For example, assuming Re = 
2000, Rg = 10К0, А, = 1kQ, and the DC input voltage to the filter to be 13.36%, 
we have: 


13.36V (10к0 || 1kQ) 
Ve E =. 10.98V 
2000 + (10КО || 1КО) pS 


_ 13.36V (10к0) | 
м = 2000 + токо ~ TV 
Consequently, the voltages measured іп steps 10 апа 11 should һауе been ap- 


proximately equal to 10.95V and 13.1V respectively. 


Procedure (continued) 


13. Figure 8-30A illustrates the rectifier of Figure 8-28B with the addition 
of a capacitor-input filter. In Experiment 6, the peak secondary voltage 
was approximately 44V. Calculate the minimum size capacitor re- 
quired in Figure 8-30A so that the percent ripple is 396 or less. 








Cmin = — ҺЕ. Based on this calculation, what standard size 
capacitor would you recommend? С = pF. 
A 
E 
В| =2. 35KQ 
Capacitor input filter р Ei 
B 


Full-wave 
Rectifter 





A multi-section filter supplying two loads 


Figure 8-30 


Experimental circuits for steps 13-21. 
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14. Calculate the expected DC output voltage, assuming С = 474 F. Take 
the turn-on voltages of the diodes into account when you are making 
this calculation. Voc = V. 





Discussion 


Sample calculations for steps 13 and 14 follow. 


Step 13 
с, 26103, 24 Шыр 
rR, 0.03 (2.35)(103) 
А 47uF, 50V electrolytic capacitor is а reasonable choice. 
Step 14 


А17 x 30-3 
Мы = Ln ——— 
| RC 


The effect of the diode's turn-on voltage is to reduce V,, by approxi- 
mately 1.4V. Thus: 


417 x 10% | 


я ғы ей | 7 2.35(103(47)(10-•) 


Voc = 42.6V (0.962) = 41V. 


Procedure (continued) 


15. Build the circuit shown in Figure 8-30A. Measure the DC load voltage 
with the volt-ohmmeter connected as a DC voltmeter. Мос = 
V. 





16. Measure the peak ripple voltage with the oscilloscope. М, = V 
peak. Multiply your measured value by 0.707 to obtain the approxi- 
mate rms ripple voltage. V, — V rms. 








17. Calculate the percent ripple from the measured values in steps 15 and 
I6 r = %. 





Experiments | 


18. In Figure 8-30 В, an RC section has been added to provide additional 
filtering for a second load, R,,. Calculate the DC voltage across В... 
Mos = N/A 





19. Calculate the smoothing factor for the RC section. o = —___.. 


Discussion 


Based on the calculations done previously, the voltage across the 2.35КО load 
resistor in Figure 3-30A should be approximately 41V with 396 or less ripple. Note in 
Figure 3-30B that the output voltage from the capacitor-inputfilteris the input voltage 
to the RC section. Thus: 


Step 18 
41V (10kQ) | 


= = 336 
22ка + 10k — 99V 


Voc = 
Step 19 о = 754 RC- 1 
a = 754 (2.2)(103)(10)(108) 21 = 15.5 


Therefore, the ripple voltage across R,, should be at least 15.5 times 
smaller than the ripple voltage across R,,. 


Procedure (continued) 


20. Add the second stage of filtering as shown in Figure 8-30B. Measure 
the DC voltage across R,, with the volt-ohmmeter. Voc = б ҒА 





21. Measure the peak ripple voltage across R, with the oscilloscope. 
V= V peak. Multiply your measured value by 0.707 to obtain 
the approximate rms ripple voltage. V, = Mme 
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Discussion 


Multisection filters are often used when a power supply must simultaneously pro- 
vide two or more load voltages. The principle advantage of this approach is econ- 
omy, since sufficient filtering is provided for each load at minimum cost. 


The DC voltage measured in step 20 should be close to the calculated value of 
33.6V. You can obtain the experimental smoothing factor by dividing the ripple 
voltage measured in step 16 by the ripple voltage measured in step 21. Naturally, 
the experimental smoothing factor should equal or exceed the calculated value of 
15:5: 
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EXPERIMENT 8 
CLIPPERS 


Objectives: To investigate the characteristics of shunt-type clip- 
pers. 
To observe the effects of load, and potentiometer 
resistance, on the operation of the clipper. 


Introduction 


Clippers "clip off" voltages above or below a reference level established by the 
circuit designer. Biased clippers employ a DC voltage source to obtain either 
positive or negative reference levels. Frequently, biased clippers will also employ 
a potentiometer so that adjustable clipping levels may be obtained. 


The various nonideal effects due to source resistance, load resistance, and the 
properties of real diodes must be taken into account when you design clipper 
circuits. Specifically, you should select component values so that the following 
inequalities are satisfied: 

WE coo Nie Ra =< R 

[Б SS it В, >> В 

FU <=='НЕ Rp << R 


Material Required 


Heathkit Engineering Design Trainer ET-1000 
Oscilloscope (Heathkit SO-4550 or equivalent) 
2—10КО, 1/2-watt, 5% resistor 

1—100kQ, 1/2-watt, 5% resistor 

1—1N4002 silicon diode 

1—1КО potentiometer (available on Trainer) 
1--100КО potentiometer (available on Trainer) 
1—1МО, 1/2-watt, 596 resistor 
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Procedure 


1. Build the circuit shown in Figure 8-31A. This circuit is similar to the 
positive peak type clipper in Figure 6-9A. In this case, we are using 
half the transformer secondary voltage as the input. Note also that the 
1kQ potentiometer on the ET-1000 Trainer is being used so you can 
obtain adjustable clipping levels. 


A 





Positive base-type 


Figure 8-31 


Experimental shunt clipper circuits. 
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2. Adjust the potentiometer wiper so that V = 12V. 


3. Measure and record the peak value of the input voltage, 
Vine Vm = tents Shon ыд 


4. Examine the output voltage. You should obtain an output voltage whose 
positive peak is clipped at approximately 12V. Carefully measure and 
record the level at which clipping occurs. Also note the value of — Vm. 
Positive clipping level = V. -Vn = ———V. 


5. Slowly vary the potentiometer wiper. How does this affect the output 
voltage eee 


6. Readjust the potentiometer wiper so that V — 12V. 


7. Reverse the direction of the diode. In this case, the circuit is similar 
to the negative base type clipper in Figure 6-9B. 


8. Examine the output voltage. You should obtain a waveform similar to 
the one shown in Figure 6-9B. Measure and record the values of Vm 
and the clipping level. Vn = —-__V. Clipping level = WI. 





9. Vary the potentiometer wiper to verify that the clipping level is adjust- 
able. 


10. Reverse the direction of the diode. Also connect the upper end of the 
potentiometer to — 12V as shown in Figure 8-31B. The circuit should 
now be similar to the positive base-type clipper in Figure 6-9C. Verify 
the operation of the circuit by varying the potentiometer wiper, and 
noting the affect on the output waveform. 


11. Reverse the direction of the diode. You should now have a circuit 
similar to the negative - peak type clipper in Figure 6-9D. Once again, 
verify the operation of the circuit by varying the potentiometer wiper 
and noting the affect on the output voltage. 
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Discussion 


In this first part of the experiment, the clippers should have closely approximated 
the characteristics of ideal clippers, since component values were employed that 
satisfied the inequalities stated previously. Specifically: 


1. The effective transformer secondary resistance is negligible compared 
to the 10kQ value of R. 


2. The peak transformer secondary voltage, approximately 21V, is large 
compared to the diodes turn-on voltage. 


3. The 10КО value of R is certainly large compared to the diodes forward 
resistance, and small compared to the diodes reverse resistance. 


4. The 1М0 load resistor is large compared to the 10КО value of В. 

5. The 1kQ potentiometer is small compared to the 10КО value of R. In 
this case, В, = H/10. A value of R, = Н/100 would be even more 
effective in masking out the non-ideal effects of R,. However, as you 


saw in steps 1-11, satisfactory results were obtained with R, = 1КО. 


In the remainder of the experiment you will investigate what happens if R, is too 
small or В, is too large. 


Procedure (continued) 


12. Build the positive peak-type clipper in Figure 8-31A. Adjust the poten- 
tiometer wiper so that V — 12V. 


13. Change the value of R, to 100k. Make a neat sketch of the output 
voltage, indicating appropriate voltage levels. 


14. Repeat step 13 for В, = 10К0. 


15. Reverse the direction of the diode. Sketch the output voltage, indi- 
cating appropriate voltage levels for В, = 100kQ, апа В, = 10kQ. 
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Discussion 


A simplified schematic for the circuit in steps 12-14 is illustrated in Figure 8-32A. 
By considering the diode and DC voltage source as the "load," you obtain the 
Thevenin equivalent circuit in Figure 8-32B. Here: 


У, - А, E 
V» = ра and Rm = RIR. 


L 











Thevenin equivalent 


Figure 8-32 


Simplified schematic for steps 12-14. 


The operation of the Thevenin equivalent circuit in Figure 8-32B is identical to the 
operation of the positive peak-type clipper in Figure 6-9. Thus: 


1. When » exceeds V, the diode is forward biased, and v, — 12V. 


2. When vy is less than V, the diode is reversed biased. Consequently, 
v, equals the instantaneous value of vr}. 
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Clearly, the closer V4, is to V, the more ideal will be the operation of the original 
circuit in Figure 8-32A. Lets calculate the value of V4, for different values of R,. 


21V (1MQ 
В, = 1MQ V, MEUM = 20.8V 


21V (100kQ) 
= = = 19V 
me 10kQ + 100kQ 


_ 21V (10kQ) 
ТОКО + 10kQ 


m 
І 


10к0 М. = 10.5V 


Idealy, when В; = > Vay = Vm. When R, >> В, Муң = Vm. Thus, when В, was 
equal to 1МО, and 100kQ, V+, was approximately equal to Vm. For these values of 
R, the circuit in Figure 8-32A is a reasonable approximation of an ideal clipper. 


When R, = 10kQ, М; = 10.5V. Recall that for the diode to become forward biased, 
утн must be larger than V. In this case, since Vy, is less than V, the diode remains 
reversed biased for the entire portion of the input cycle! Consequently, the output 
voltage equals утң for the entire portion of the input cycle. Figure 8-33 summarizes 
the expected output voltages for different values of R,. 


12V 


A 0 R|* 00 
ж-21У 
^ 12V 
B 0 Ry “IMQ 
= -20. 8V 
^ 12ү 
C = 5 R, -100KQ 
= -19V 
= 10.5\/ 
са) 
=-10.5V 
Figure 8-33 


Expected output voltages for the positive peak-type clipper. 
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¿v А simplified schematic for the circuit in step 15 is illustrated іп Figure 8-34. Once 
again, we will focus our attention on the Thevenin equivalent circuit. 


The Thevenin equivalent circuit in Figure 8-34B is an example of a negative base 
type clipper. The operation of the circuit may be described as follows: 


1. Initially, the diode is forward biased by the DC voltage source, V. Thus, 
We == МА 


2. On the positive half cycle of the input, у-н and V are connected series 
opposing. Thus, when v; exceeds V, the diode is reversed biased. 
Therefore, v, equals the instantaneous value of ут. 


3. The diode is forward biased throughout the entire negative half cycle 
of the input, since утң and V are connected series aiding. 






Я 


Original circuit 





Thevenin equivalent 


Figure 8-34 


Simplified schematic for step 15. 
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When В, - >, the output voltage would appear as shown in Figure 8-35A. The 
values of V4, calculated previously still apply. Consequently, the output waveforms 
for В, = 1МО, 100kO, and 10kQ appear as shown in Figure 8-35B, C, and D 
respectively. 


Since ът never exceeds V when В, = 10kQ, the diode in Figure 8-34 remains 
forward biased throughout the entire portion of the input cycle. 


This is why the output voltage in Figure 8-35 D is a constant 12V. 


21V 
12у 
= 20. 8V 
= 12\/ 
B 0 Ry “IMQ 
VY 
=19V 


=12V 
C 0 Ку =100К9 
2 
=12V 
D 0 Ry =10К9 


Figure 8-35 


Expected output voltages for the negative base type clipper. 
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Procedure (continued) 


16. Build the positive peak-type clipper shown in Figure 8-31A using the 
100КО potentiometer on the ET-1000 Trainer for R,. 


17. Slowly vary the potentiometer wiper and observe the output waveform. 
Are the results the same as those obtained when the 1КО potentiom- 
eter was employed? 


Discussion 


When R, = 1КО, in steps 1-15, the clipping levels were well defined. When В, = 
100kQ in steps 16 and 17, you observed clipping levels that were “bowed” as 
you varied the potentiometer wiper. 


Figure 8-36 illustrates the 12V source shunted by the potentiometer. As you vary 
the position of the wiper, the output voltage, Vas, can be- adjusted between OV 
and 12V. The Thevenin equivalent circuit for any position of the wiper is illustrated 
in Figure 8-36B. Lets examine what happens for three positions of the wiper. 


Circuit 


B RryRy | | R2 


Thevenin equivalent 


Figure 8-36 


Potentiometer voltage divider. 
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1. WIPER АТ TOP. 


In this case, В, = 0 апа А, = R,. Thus, Rw = 0 | Rẹ = 0. Clearly, 
Mu = bev. 


2. WIPER AT BOTTOM. 


Неге, R, = R, and R; = 0. Thus, Вен = R, || 0 = 0. Obviously, V+, 
OV 


3. WIPER IN MIDDLE. 


R 
Since the wiper is in the middle А, = А, TM 
Re Re _ Re 
Thus В. ar І UE ER 


V 
The Thevenin voltage is 2 or 6V. 


When the wiper is at either extreme, Втн = 0. Thus, the shunted voltage source 
acts very much like an ideal voltage source. In these cases, the clipping levels 
are well defined. 


When the wiper is somewhere between the two extremes, Rr, = R; || Ro. The 
"worst case" occurs when the wiper is in the middle position. Here, Rz, = Ң„/4. 
Thus: 


When R, = 1kQ, R = 2500. 
When R, = 100kQ, Rr, = 25k0. 


Note that when R, = 100kQ, the Thevenin resistance of the shunted voltage 
source is quite large. Consequently, the shunted voltage source does not ap- 
proximate very well the characteristics of an ideal voltage source. In this case, 
the relatively poor voltage regulation characteristics of the shunted voltage source 
produces the bowing effects you observed in step 17. 
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EXPERIMENT 9 
CLAMPERS AND PEAK DETECTORS 


Objectives: Investigate the characteristics of clampers and peak 
detectors. To verify the operation of a peak-to-peak 
detector. 


Introduction 


Clampers are used to fix the positive or negative peak of a signal waveform at a 
desired DC level. The inequalities that must be satisfied when you are designing 
clipper circuits also apply to clamper circuits. 


Peak detectors provide a DC output voltage ideally equal to the positive or neg- 
ative peak of the input voltage. By cascading a clamper and peak detector, you 
can construct a peak-to-peak detector. This circuit provides a DC output voltage 
equal to twice the positive or negative peak value of the input voltage. 


In both clampers and peak detectors, the RC time constant must be large enough 
to ensure good clamping or peak detection. However, if the time constant is too 
large, the circuit will not respond quickly to amplitude changes in the input voltage. 
As a guide, the capacitor in a clamper or peak detector is chosen so that 
с = 50 T. 

R 


Material Required 


Heathkit Engineering Design Trainer ET-1000 
Oscilloscope (Heathkit SO-4550 or equivalent) 
1 — 10kQ, v2-watt, 5% resistor 

1 — 100КО, v2-watt, 5% resistor 

1 — 1МО, %-watt, 596 resistor 

2 — 1N4002 Silicon Diodes 

2--10Ғ, 50V electrolytic capacitors 
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Procedure 


1. Assume В = 100КО for the positive clamper in Figure 8-37A. Тһе 
input to the clamper is approximately 21V peak at 60Hz. Calculate the 





required value of C. C = uF. 
Ге 2% 
; се 
А | VIN | 
) | E R Vo 
| | 
| 
І je y E 
jee 


Positive clamper 





Positive peak detector 





Positive peak-to-peak detector 


Figure 8-37 


Experimental circuits. 
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Discussion 
The calculations for step 1 follows: 


Since f = 60Hz, T = 1/60Hz or 16.67 ms. Thus: 


50 (16.67 ms) 
= Шы Ne 
E 100 КО, НЕ 


For the remainder of the experiment, you will use a 10џҒ, electrolytic capacitor for C. 
Since electrolytic capacitors are polarized, itis essential that youobservethe correct 
polarity when you place the capacitor in a given circuit. 


Procedure (continued) 


2. Build the circuit shown in Figure 8-37A. Here, Н = 100КО and C = 
10ҺҒ. Note that the input voltage is half the transformer secondary 
voltage. 


3. Measure the input and output voltages. Record the peak value of the 
input voltage and the positive and negative peak values of the output 
voltage. Vm = V. V, (positive peak) = V. 

V, (negative peak) = М. 











4. Shut off the ET-1000 Trainer. Reverse the direction of the diode апа 
the capacitor. Turn the Trainer back on and repeat steps 3 and 4. 
Viz V. V, (positive peak) = V. 

V, (negative peak) = V. 











Discussion 


The value of capacitance, C, was chosen to make the time constant large com- 
pared to the period of the signal waveform. For this reason, you should have 
observed close to ideal clamping action in steps 3 and 4. 


Ideally, the negative peak of the positively-clamped output, step 3, and the positive 
peak of the negatively-clamped output, step 4, should be OV. Due to the diodes 
turn on voltage, the negative peak of the output voltage in step 3 was clamped 
slightly below OV. Similarly, the positive peak of the output voltage in step 4 was 
clamped slightly above OV. 
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Procedure (continued) 


5. Build the circuit shown in Figure 8-37B. Connect all grounds to one 
point and then connect that point to the 30 VAC output center tap with a 
single wire. Measure and record the value of the DC output voltage. 
With the oscilloscope AC coupled, measure and record the peak-to- 
peak value of the output ripple voltage. 


Voc = V, V, = MV pp 





6. Change R to 1MQ. Repeat the measurements made in step 5. 
Мос = V, У, = Men: 





7. Change Н to 10КО. Repeat the measurements made in step 5. 
V, У, = MV pp- 





Мос = 





8. With R = 1MQ, 100k and 10k respectively, perform the following 
experiment. While observing the output waveform, alternately break 
and make the ground wire going to the transformer center tap. For 
each resistance value, indicate whether the ability of the circuit to 
respond to sudden changes in the amplitude of the input signal is 
excellent, fair, or poor. 





R = 1MQ, Response is 








В = 100k, Response is 
R = 10k), Response is 
Discussion 


In clampers and peak detectors, increasing the time constant improves the "qual- 
ity” of the clamping on peak detection. Thus, in steps 5-7, you saw that the DC 
output voltage with В = 1МО contained very little ripple, and was almost equal 
to Vm. Similarly, when В = 10kQ, the ripple content of the output voltage increased 
significantly and the DC level decreased slightly. When R = 100k, the results 
were between the previous extremes. 


Unfortunately, as the time constant increases, the ability of a clamper or peak 
detector to respond to sudden changes in the amplitude of the input voltage 
decreases. This fact was demonstrated in step 8, where you saw that large values 
of resistance resulted in a “sluggish” response. 


Hence, the value of C selected for a particular clamper, or peak detector repre- 
sents a compromise between the overall quality of clamping or peak detection 
and the ability of the circuit to respond quickly to sudden amplitude changes in 
the input waveform. 
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Procedure (continued) 


9. Build the circuit shown in Figure 8-37C. Note the waveforms appearing 
across D, and the output. 


10. Turn off the power to the ET-1000 Trainer. Reverse the direction of 
both capacitors and diodes. Then turn the power back on and note 
the waveforms across D, and the output. 


Discussion 


The circuit in Figure 8-37C is simply the circuit in Figure 8-37A, the positive 
clamper, and Figure 8-37B, the positive peak detector, connected in cascade. 
Consequently, the result is a positive peak-to-peak detector. Thus, the output 
voltage observed in step 9 should have been a DC voltage essentially equal to 
2У,. 


By reversing the direction of the components in step 10, you obtained a negative 
clamper cascaded with a negative peak detector. For this reason, the resulting 
circuit was a negative peak-to-peak detector. In this case, the DC output voltage 
should have been equal to approximately — 2V,,. 


If you obtained a DC output voltage of OV in either step 9 or 10, you probably had 
one of the diodes reversed. If this was the case, repeat the appropriate step, being 
careful to place the components in the circuit in the correct direction. 
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EXPERIMENT 10 
MEASUREMENT CIRCUITS 


Objectives: To construct and verify the operation of an elemen- 
tary diode checker. To convert a DC voltmeter to a 
peak-type AC voltmeter. 


Introduction 


There are numerous applications for passive circuits in basic instruments and mea- 
surement systems. In this experiment you will construct the elementary diode 
checker discussed in Unit 7. This circuit is especially useful for quickly checking an 
assortment of diodes in order to isolate defective units. 


Peak-type AC voltmeters are useful for measuring both sinusoidal and nonsinu- 
soidal waveforms. You can easily convert a DC voltmeter to a peak-type AC 
voltmeter by using a peak detector ahead of the DC voltmeter. In this experiment, 
you will also design a peak-type AC voltmeter, and experimentally verify its op- 
eration. 


Material Required 


Heathkit Engineering Design Trainer ET-1000 
Oscilloscope (Heathkit SO-4550 or equivalent) 
Volt-ohmmeter 

1— 6800, 1/2-watt, 5% resistor 

1--2.2КО, 1/2-watt, 5% resistor 

1—.039,F capacitor 

1--10ҺҒ electrolytic capacitor 

1—100p.F electrolytic capacitor 

1--1М4002 Silicon Diode 

2—1 ЕР (light emitting diodes), red 
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Procedures 


1. Most LED's have a forward voltage drop of approximately 1.6V. As- 
suming that the secondary transformer voltage from the center-tap of 
either end in Figure 8-38 is 15V,,,,, calculate the value of R required 
to limit the peak diode current to 10mA. R = 





Virsa eae 


! ! TESTD IODE 





Figure 8-38 


Experimental diode checker. 


Discussion 


The calculation for step 1 follows: 
1.414 (15У,,) = 21.21V. 


Typically, the test diode has a forward voltage drop of 0.7V. Since the LED is 
assumed to have a forward voltage drop of 1.6V, we have: 


У. — (0.7 + 1.6) 2121У- 23У 
к | 10тА азо 


Selecting the next larger standard value resistor, we chose В = 2.2КО. 
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.., Procedure (continued) 


2. Build the circuit shown in Figure 8-38. Be careful to observe the correct 
polarity for the diodes. The cathode side of each LED is the long lead. 
Insert a 1N4002 diode for the test diode. Which LED lights? 








3. To simulate an open diode, remove the test diode. Which LED's are 
lit? 





4. To simulate a shorted diode, connect a clip lead from A to B. In this 
case, which LED's are lit? ^. . Е: 





Discussion 


As we explained in Unit 7, the operation of the diode checker should agree with 
the following table: 













CONDITION LED STATUS 
Good diode LED 1 lit 
Open diode Neither LED lit 


Shorted diode Both LED's lit 


Table 8-12 


Data for steps 2 to 4. 


If you have several diodes in your work area, use the diode checker to verify that 
none of the diodes are opened or shorted. 
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Procedure (continued) 


5. Examine the circuit in Figure 8-39. Here, note that the 6800 resistor 
and the 1КО potentiometer simply serve as a voltage divider for the 
secondary transformer voltage. 


DC VOLTMETER 
0-10V 
RANGE 





Figure 8-39 
Experimental peak type AC voltmeter. 


6. Examine the front of your volt-ohmmeter. Record the DC ohms per 
volt rating of your instrument. Ohms/volt rating = kQ/v. 





7. Calculate the input resistance of your volt-ohmmeter when it is used 
as a DC voltmeter on the 0-10V DC range. Rn = КО. 





8. Using the value of Rw obtained in step 7, calculate the value of C 
required in Figure 8-39 to obtain good peak detection. C — 
ШЕ: 
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Discussion 


Most volt-ohmmeters have an ohms per volt rating of either 1КО/\/ or 20kQ/V 
when they are used as a DC voltmeter. Consequently, you probably recorded one 
of these values in step 6. Digital voltmeters, however, have considerably higher 
ohms per volt ratings. 


The input resistance of a DC voltmeter equals the ohms per volt rating times the 
value of Vn required for full-scale deflection. Thus: 


For 1kQ/V, В, = 1kO/V (10V) = 10kQ 


For 20кО/У, Ry = 20kO/V (10V) = 200kQ 


Recall that the value of capacitance, C, in a peak detector is calculated from 


50T 
C=- 
R 


Since f = 60Hz, T equals 1/60Hz or 16.67 mS. Thus, if Ry = 10КО: 


50 (16.67 mS) 
C = — = Я F 
10kQ Ren, 


Similarly, if Riy = 200КО: 


_ 50 (16.67 mS) 


2447 uF 
200 КО » 


If your volt-ohmmeter has a DC ohms/volt rating of 1kQ/V, you will use a 100uF 
capacitor for the peak-type AC voltmeter in Figure 8-39. Similarly, a 101.F capac- 
itor will be employed if the ohms per volt rating of your volt-ohmmeter is 20kQ/V. 


When you continue on with this experiment, you should use the .039uF capacitor 
if you have a digital voltmeter. Although your calculated value may be different, 
this capacitor should give you satisfactory results. 
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Procedure (continued) 


9. Build the circuit shown in Figure 8-39. Here, С = 100&F for ап ohms/ 
volt rating of 1КО/М, and 10ЫР for ап ohms/volt rating of 20kO/V. 


10. Monitor ум with an oscilloscope. Adjust the potentiometer to obtain 
the following peak values of vn: 10V, 9V, 8V, 7V, 6V, 5V, 2V, and 1V. 
Іп each case, record the reading of the DC voltmeter in Table 
8-13. 











ESE: TT 
ee 
a aes eae Eri 
с е Г ш 
ШЕСІ ЕЛІ ЖЕГЕ САП 


Table 8-13 


Data for step 10. 


Discussion 


Ideally, v, in Table 8-13 should equal the peak value of vw. Your data should 
indicate that v, approximately equals the peak value of v, when vy is large com- 
pared to the diode's turn on voltage. If the peak value of vn is not large compared 
to (approximately) 0.7V, the reading of the peak-type AC voltmeter will not be 


very accurate. Consequently, peak-type AC voltmeters are most accurate for rel- 
atively large values of vn. 
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Procedure (continued) 


11. Adjust the potentiometer so that vw = 10V peak. While observing the 
reading of the DC voltmeter, disconnect the lead going to the trans- 
former center tap. How long does it take for the reading of the DC 
voltmeter to decrease to OV? t — 5. 





Discussion 


When ум = 10V peak, the capacitor charges to approximately 10V. When you 
removed the input signal in step 11, the capacitor discharges through the resist- 
ance of the DC voltmeter. As you know, it takes approximately 5 time constants 
for the capacitor to completely discharge. Thus: 


For С = 104 F and Ru = 200 КО, 


т = 5 (10uF) (200 КО) = 10s 


For C = 100 uF and В, = 10kQ, 


т = 5 (100 pF) (10kQ) = 5s 


Consequently, depending upon the values of C and Rw for your circuit, you should 
have measured approximately 5 or 10s in step 11. 


Clearly, the response of your peak-type AC voltmeter to sudden amplitude changes 
in vy Was somewhat "sluggish". To improve the ability of the circuit to quickly 
respond to such changes, you would have to decrease the R C time constant. 
You could do this by reducing the value of C. If C is too small, however, the 
capacitor voltage would contain an excessive amount of ripple. As usual, a prac- 
tical design is a compromise between such often "contradictory" requirements. 
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CIRCUITS, EQUATIONS, AND 
PARAMETERS 
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INTRODUCTION 


This appendix is a compendium of the basic circuits, parameters, and equations 

found throughout this text. Beside each major heading is a number, in parenthesis, 

that indicates the unit from which the material was obtained. For instance: 
COUPLING AND BYPASS CIRCUITS (4&6) 


indicates that the discussions on these circuits can be found in Unit 4 and Unit 6. 


АррепдіхВ | 3 


CONTENTS 
GLAMPERS TP M жа 29 PS aom ew neo ТК ы B-4 
ejr EM ris, 22 Kc T TEE. B-6 
COUPLINGAND BYPASS CIR@UITS 2... cc RR uc erm B-9 
PEAK DETECTORS MPE X Om cx (n au, УС Myra t eem ev B-10 
BECTIEIBER. CIRC WITS sare ac ТЕЛ SELL re estt ure B-12 
THE RC CIRCUIT —' PART 12% 5.27. 0m, 22705 КАРМА Faso B-20 
THERE RIROBI ---РАНТ2 uf) t LEN ILLI co T ates ts B-23 
МОВЕ БЕ MULTIPLIERS м B127 


4 Appendix В 


CLAMPERS (6) 


When you are designing clamper circuits, choose component values so that: 


Vig Ses Ve R >> Вун 

R>>rf RL >>R 

R««Rg Rese LUN 
100 


The value of the shunt resistor, R, should be chosen so that: 
R = V ГЕНА 
In addition, the capacitor should be chosen so that: 
С = SOT 
R 
Where: 
C is the capacitance in Farads (F). 


T is the period of the input voltage in seconds. 
R is the shunt resistance in ohms. 
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NEGATIVE CLAMPER 


Figure B-1 


Positive and negative clampers with shunt resistor. 


POSITIVE CLAMPER 


А positive and a negative clamper are shown in Figure B-1. In Figure B-2, positive 
and negative biased clampers are illustrated. Meanwhile, Figure B-3 depicts an 


adjustable positive clamper. 


id у 


Т 


POSITIVE CLAMPER Т МЕСАТІМЕ СІАМРЕК 


Figure В-2 


Biased clamping circuits. 


G 
о---і pH Zoe y oN 


Figure B-3 
An adjustable positive clamper. 
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CLIPPERS (6) 


When you are designing а clipper, the following inequalities must be satisfied: 
Vay >> Vr 
БН >> г 
R << Rg 


Where: 


Мт is the diode turn-on voltage. 

re is the diode forward resistance. 

Rp is the diode reverse resistance. 

Утн is the peak value of the Thevenin voltage driving the circuit. 
R is the resistance of the clipping circuit. 


The optimum value for R is: 
В = Vr-Rr 
To minimize the effects of source and load resistance: 


R >> Вун 
ІН == R 


“Since В, may represent the resistance of the next stage connected to the clipper output, it may not be possible to 
satisfy this requirement. Other inequalities, however, should be observed. 
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Biased shunt-type clippers. 


Figure B-4 shows four biased shunt-type clippers. Figure B-5 illustrates four biased 
series-type clippers, and Figure B-6 represents a dual-type clipper. 


e 





+10V 


Е -10у 


POSITIVE РЕАК-ТҮРЕ 


+ М0 
«10V , e 710% R /\ 
A- Vy -Ag === -5у Figure B-6 
-10V 


= -10у zi £ A dual-type clipper. 


NEGATIVE PEAK-TYPE 


$ 


Figure B-5 


Biased series-type clippers. 
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If you want an adjustable clipper, select a potentiometer so that: 


hos R 
Р 100 


An adjustable clipper is shown in Figure B-7. 


< 
1- 
ж 
“9 


Ғідиге В-7 
А positive series-type adjustable clipper. 
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COUPLING AND BYPASS CIRCUITS (4&6) 


The value of the capacitor used in a coupling or bypass circuit is determined as: 


Where: 


Xc is the capacitive reactance at the lowest frequency to be coupled. 
Втн is the Thevenin resistance as seen from the capacitor. 


Figure B-8A shows a capacitor used in a coupling configuration, while Figure B-8B 
illustrates the use of a capacitor in a bypass configuration. 


Ф) 





16KQ 


4ко 


5KQ 


Figure B-8 
Coupling and bypass circuits. 
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РЕАК ОЕТЕСТОН (6) 


When you аге designing peak detectors, select component values so that: 


Мм >> Vr 
В >> г 
R<< Rpg 
R >> Втн 


The capacitor in the peak detector circuit is selected so that: 


50T max 
R 


C= 


Where: 


C is the capacitance in Farads. 
Tmax is the maximum period of the input signal or 1/fyin. 
R is equal to Rz, x 20. 


Appendix В | 11 





POSITIVE PEAK DETECTOR NEGATIVE PEAK DETECTOR 


Figure B-9 
Peak detector circuits. 


Positive and negative peak detectors are shown in Figure B-9. 


You can construct a peak-to-peak detector by cascading a clamper and a peak 
detector. Two such detectors are shown in Figure B-10. 





NEGATIVE PEAK-TO-PEAK DETECTOR 


Figure B-10 


Peak-to-peak detector circuits. 
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RECTIFIER CIRCUITS (5) 


When you are selecting diodes for use in the following circuits, use Table B-1 for 
component values to achieve near ideal operation. 


Negligible Appropriate Component 
Parameter When Value 


V > 20V. 
ae) Ses) Н = 208, 


Table В-1 






In this table: 


V- is the diodes turn-on voltage. 

V is the source voltage or voltage that is driving the diode. 
R, is the load resistance. 

reis the diode forward resistance. 

Rp is the diode reverse resistance. 
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S; 
6:1 ! 
гр = 60 
120V rms 
60Hz 0. 5kQ 


HALF-WAVE RECTIFIER 


Ж 
120V 
rms 
60Hz 
21000 


CENTER-TAPPED RECTIFIER 


© 


ge 
120V 
rms 
60Hz 
521000 


FULL-WAVE 
BRIDGE RECTIFIER 


Ш 


Figure В-11 
Rectifier circuits 


Three common rectifier circuits are shown in Figure B-11. Figure В-11А is а half- 
wave rectifier, Figure B-11B is a full-wave rectifier, and Figure B-11C is a full-wave 


bridge rectifier. 
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Full-wave 
bridge 


Full-wave 
center-tapped 










Parameter 
Load voltage/current waveform 






Half wave 
V m 


Peak inverse voltage 






Vm Vm 
VR. 


Table B-2 


Table B-2 lists the characteristics of these rectifier circuits. 








y ——  — Je r4 V m 
R3 
Figure B-12 
A dual supply bridge rectifier. = 


Figure B-12 shows a variation of the full-wave bridge rectifier: a dual supply bridge 
rectifier. Parameters for this circuit are given in Table B-3. 


Parameter 
Load voltage/current waveforms. 


Peak inverse voltage 


Peak diode/load current 


DC load currents 
DC diode current 
DC load voltages * 0.636 М„ — 0.636 V,, 


DC diode voltages 0.636 V,, 


Output frequency 2 Ties 


Table B-3 
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Filtered Rectifier Circuits 
INPUT FILTER 


In order to provide a usable output from a rectifier circuit, a filter is added to the 
circuit. Figure B-13 shows a full-wave rectifier with an elementary filter — capacitor 
C. Resistor Rg is added to the circuit to limit surge current when power is first applied 
to the circuit. 


120V 
rms 
60 Hz 





Figure B-13 


Full-wave rectifier with filter and surge resistor. 
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Parameter Half-Wave Rectifier Full-Wave Rectifier 


-3 -3 
DC output voltage Dp ] 4.17 x 10 ] 


В, С RIC 


-3 -3 
RMS ripple voltage үк Aag Voc 10:24. x10? Voc 
RLC В,С 


Бірріе їасїог 


Minimum capacitance 





Table B-4 


Capacitor-input filter analysis and design equations for a 60 Hz line frequency. 


Table B-4 contains the formulas for designing capacitor input filters. 


To calculate the value of the surge limiting resistor, use the formula: 


Where: 


ls is the maximum desired limit for surge current. 
Мм is the peak voltage input to the rectifier circuit. 
Rs is the value of the surge resistor. 
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CHOKE-INPUT FILTER 


FULL-WAVE 


RECTIFIER 





Figure B-14 
Choke-input filter. 


The choke-input filter is shown in Figure B-14. Parameters and formulas for choke- 
input filters are given in Table B-5. 









Full-wave Rectifier 
DC output voltage (ideal) Voc = 0.636 Vm 


Actual DC output voltage S 0.636 Vn (Ri) 
0-7 Rec FR 





Or 





Voc = 0.636 MS E ine Re 


Ripple factor ra 830 x 10-9 
Е LC 
Minimum inductance oe В, 
"^ 1000 
Required capacitance C= 830 x 10 
Е rL 


Smoothing factor (ideal) а - 5,68 x 1051С- 1 


Table В-5 


Choke-input filter analysis and design equations for а 60 Hz line frequency full-wave rectifier. 
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FULL - WAVE 


RECTIFIER 





Figure B-15 
Cascaded input filter. 


CASCADED INPUT FILTER 


It is possible to further reduce the ripple voltage from a rectifier circuit by using 
cascaded filter sections, as shown in Figure B-15. For this type of filter, the following 
inequalities must be satisfied: 


IXe] << А 
ХІ >> хо, 
Xel << IX] 


т-ТҮРЕ FILTER 


А resistor тау бе used instead of a choke іп a filter. Figure B-16 depicts а т-іуре 
filter. For this filter, the following inequalities must be met: 


Хе << А 


А >> к] 
|Хс| << А 


В R 


Figure B-16 
Resistor «-type filter. 
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THE RC CIRCUIT — PART 1 (6&7) 


Voltage gain in ап RC circuit consists of magnitude, |Ay|, and phase angle, Ө. You 
must determine the desired characteristics of your output and then choose your 
component values. Figure B-17 shows a series RC circuit. Table B-6 lists the 
parameters and formulas used in analyzing the series RC circuit. 


voit) 


о P 
1 


Figure B-17 


Series RC circuit. 
High-Pass Filter 


The circuit in Figure B-17 is a high-pass filter. The formulas in Table B-6 can be used 
to determine the parameters for this filter. 


Parameter Formula 


Voltage gain 


Phase angle 


cutoff frequency 








Table B-6 


Characteristics of the series RC circuit when Vo = Vg. 
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Phase Shifter 


An RC circuit can be used to shift the phase of a signal. Figure B-18 depicts a phase 
shifter as well as the appropriate voltage and impedance diagrams for this circuit. 
The amount of phase shift produced by this circuit can be up to 90? and will vary with 
component values. Again, use Table B-6 to determine the appropriate values for 
components. 


A 
С 
Y I oH! 5 Vo 
R 
CIRCUIT 
B C 
$ R 8 Үр =Vo 

Xe 2 Vc VIN 
IMPEDANCE D IAGRAM PHASOR DIAGRAM 


Figure B-18 
A О їо 90° phase shifter. Note that Уң leads Vn by the angle Ө. 
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Differentiator 


When the time constant of an RC circuit is small compared to the period of the input 
signal, the RC circuit acts as a differentiator. 


Figure B-19 


Differentiator. 


A differentiator circuit is shown in Figure B-19. Figure B-20 shows various input and 
output voltages for this circuit. 





INPUT VOLTAGE OUTPUT VOLTAGE 
VIN Vo 
RAMP OI — CONSTANT 
VIN % 
A 
оуу ey 0 : 
| SINE COSINE 
"IN у 
^ 0 
| | | | a 0 [ [ >t 
SQUARE SPIKES 
v 
IN У, 
TRIANGULAR SQUARE 
Figure B-20 


Differentiator input and output waveforms. 
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THE RC CIRCUIT PART 2 (6&7) 


The output from an RC circuit can be taken across the capacitor as shown in Figure 
B-21. When this is done, the equations in Table B-7 are used to determine circuit 
characteristics. 


D ITE 0 
C 


CIRCUIT 


Figure B-21 
RC circuit with output across the capacitor. 


Low-Pass Filter 


The circuit shown in Figure B-21 can be used as a low-pass filter. The formulas 
necessary to determine circuit parameters are given in Table B-7. 


Formula 






Parameter 








Voltage gain 


Phase angle 


cutoff frequency 





Table В-7 


Characteristics of the series RC circuit when Vo = Vc. 
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Phase Shifter 


This RC configuration can also be used as a 0 to 90° phase shift circuit as shown in 
Figure B-22. Use the formulas given in Table B-7 to determine component values 
and circuit parameters. 





CIRCUIT 
B С 
у 
e | R 

© | 

l 

| 

| 

| 

| 

| 
Vc* Vo VIN 

IMPEDANCE DIAGRAM PHASOR DIAGRAM 
Figure B-22 


А 0 to 90? phase shifter. Note that Vc lags Vix by the angle a. 


Appendix B | 25 


Integrator 


If the time constant for an RC circuit is relatively large compared to the period of the 
input signal, the circuit acts as an integrator. Typically, the components are chosen 
so that: 


RC = 20T 
An integrator is shown in Figure B-23. Input and output voltage waveforms are also 


shown in this figure. 


R v 


Т 


INPUT VOLTAGE OUTPUT VOLTAGE 


v 
0 
Ый: ; 
КАМР 
v 
0 
0 { 
(-) COSINE 
v 
0 


0 


© 
/ 


CONSTANT 


© © 
іл 
Е 
m 
V 


SQUARE TRIANGULAR 
"IN v 
0 
А, уж. han 
TRIANGULAR PARABOLIC 
Figure B-23 


Integrator input and output waveforms. 
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Note: 
For all RC circuits discussed, a value of R should be chosen so that: 


R >> Нтн 
В, >> А 


Where: 


Втн is the resistance of the source driving circuit. 
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VOLTAGE MULTIPLIERS (6) 


A voltage multiplier provides an output such that: 


Vo = пУм 


=i E 
Nm 





VOLTAGE DOUBLER VOLTAGE TR I PLER 





VOLTAGE QUADRUPLER 


Figure B-24 


Voltage multipliers. 
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A peak detector is a voltage multiplier with n = 1. A peak-to-peak detector is a voltage 
multiplier with п--2. To construct a voltage multiplier, cascade the appropriate 
number of peak detector circuits. For component parameters, see "Peak Detectors." 
An n-section voltage multiplier is illustrated in Figure B-25. 
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Figure В-25 
An n-section voltage multiplier. 
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AC power, 3-49 

AC voltmeter, peak-type, 7-28 

AC voltmeter, peak-to-peak type, 7-29 
adjustable clipping level, 6-22 
angle, phase, 3-16, 3-42 

anode, 5-12 

antiresonant circuit, 3-70 
applications for common logs, 2-55 
applications for natural logs, 2-53 
arc suppression, 7-10 

average power, 3-50 

average-type filter, 5-44, 5-54 
average value, true, 3-10 


bandwidth, 3-63 

biased clamper, 6-32 
biased clipper, 6-8 

Bode plot, 6-54, 6-56 
branch, 1-18 

breakdown voltage, 5-17 
bridge rectifier, 5-32, 5-38 
bulk film resistor, 4-18 
BW, 3-63 

bypass circuit, 6-67 


capacitance, 2-8 

capacitance, shunt, 6-16 
capacitive reactance, 3-31 
capacitive voltage division, 2-12 
capacitor, 4-24 

capacitor input filter, 5-45 
cascaded filter, 5-58 

catching diode, 7-17 


cathode, 5-12 

center-tapped rectifier, 5-38 
ceremet resistor, 4-18 
choke-input filter, 5-55 
circuit, bypass, 6-67 

circuit, coupling, 6-58 

circuit, de-emphasis, 7-18 
circuit, RC, 6-48 

circular mil, 4-7 

clamper, 6-24 

clamper, biased, 6-32 
clamper, negative, 6-24 
clamper, positive, 6-26 
clipper, adjustable, 6-22 
clipper, biased, 6-8 

clipper combinations, 6-16 
clipper, diode, 6-6 

clipper, negative, 6-6, 6-24 
clipper, positive, 6-7, 6-26 
coefficient of coupling, 4-51 
coefficient, temperature, 4-7 
coefficient, voltage, 4-11 

coil resistance, 4-57 
common logs, applications for, 2-55 
complex number, polar, 2-73 
complex plane, 2-65 
conductance, 1-33 

constant, relative dielectric, 4-25 
conventional current flow, 1-9 
converters, waveform, 7-30 
coulomb, 1-6 

coupling, 4-51 

coupling circuit, 6-58 

critical inductance, 5-55 
current, 1-7 

current (at resonance), 3-66 
current division, 1-35 
current, eddy, 4-48 

current, initial surge, 5-51 
current, leakage, 4-26 
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current, range increasing, 7-22 factor, dissipation, 4-26 
curve, IV, 5-13 factor, power, 3-53 
cutoff frequency, 6-51 factor, quality, 4-26 
cycle, 3-6 factor, smoothing, 5-44 
cyclic frequency, 3-12 farad, 2-9 

cycling, 4-14 film resistors, 4-17 


filter, average-type, 5-44 
filter, capacitor input, 5-45 
filter, cascaded, 5-58 
filter, choke-input, 5-55 


dBm, 2-57 filter, high-pass, 6-53 

DC, pulsating, 3-6 filter, low-pass, 6-65 

DC, pure, 3-6 filter, peak-type, 5-44 

DC restoration, 7-16 filter, smoothing, 5-43 
density, flux, 4-45 fixed wire-wound resistors, 4-14 
detector, peak, 6-38 flux, 4-45 

detector, peak-to-peak, 6-40 flux density, 4-45 

diagram, phasor, 3-24 flux, leakage, 4-49 

dielectric, 4-24 force, magnetizing, 4-47 
dielectric constant, 4-25 forward bias, 5-16 
differentiator, 6-62 Fourier's Theorem, 3-73 
diode arc suppression, 7-10 frequency, cutoff, 6-51 

diode, catching, 7-17 frequency, cyclic, 3-12 

diode checker, 7-33 frequency domain, 3-22 
diode clampers, 6-24 frequency, harmonic, 3-73 
diode clippers, 6-6 frequency, radian, 3-13 
diode, ideal, 5-12 full-wave rectifier, 5-31 
diode, forward bias, 5-16 fundamental frequency, 3-73 


diode, reverse bias, 5-17 
domain, frequency, 3-22 
doubler, voltage, 6-43 


half-wave rectifier, 5-24, 5-36 
heating control, 7-8 

heating effect, equivalent, 3-10 
high-pass filter, 6-53 

hot spot temperature, 4-11 
hysteresis loop, 4-48 


eddy current, 4-48 

efficiency, transformer, 5-7 
electron current flow, 1-9 

electric field, 1-7 

energy, storedin acapacitor, 2-13 
energy, stored in an inductor, 2-34 
equalizing resistor, 4-31 imaginary number, 2-62 

equivalent series resistance, 4-26 impedance, 3-31, 3-38 

expanders, scale, 7-25 impedance (at parallel resonance), 3-69 
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impedance (at series resonance), 3-66 
impedance matching transformer, 5-8 


maximum power transfer theorem, 1-58 
maximum working voltage, 4-10 


increasing current range, 7-22 
inductance, 2-31 
inductance, critical, 5-55 
induction, mutual, 4-51 
induction, self, 2-34 
inductive reactance, 3-35 
initial surge current, 5-51 
integer, 2-61 

integrator, 6-69 
instantaneous power, 3-50 
irrational number, 2-61 
isolation transformer, 5-8 
IV curve, 5-13 


j, 2-62 


Kirchoff's current law, 1-18 
Kirchoff's voltage law, 1-21 


lag, 3-16 

lead, 3-16 

leakage current, 4-26 
leakage flux 4-49 
logarithms, 2-49 
loop, 1-21 

loop equation, 1-21 
loop, hysteresis, 4-48 
loose coupling, 4-51 
low-pass filter, 6-65 


magnetizing force, 4-47 
maximum power transfer, 5-8 


meter protection, 7-21 

mil, 4-7 

mil, circular, 4-7 

multiplier, voltage, 6-24, 6-43 
mutual induction, 4-51 


natural logs, applications for, 2-53 
negative, clamper, 6-24 
negative clipper, 6-6 

nodal equation, 1-19 

node, 1-18 

noise, 4-11 

number line, real, 2-61 
number, imaginary, 2-62 
number, irrational, 2-61 
number, polar complex, 2-73 
number, rational, 2-61 
number, real, 2-61 


Ohm's law, 1-10 
operations with rectangular numbers, 2-67 
output polarity, rectifier, 5-26 


parallel resonance, 3-68 

peak detector, 6-38 

peak inverse voltage, 5-24 
peak-to-peak detector, 6-40 
peak-to-peak value, 3-9 
peak-type filter, 5-44 

peak value, 3-9 

percent ripple, 5-44 

percent voltage regulation, 5-43 
period, 3-11 
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permeability, 4-49 

phase angle, 3-16, 3-42 

phase shifter, 6-59, 6-68 
phasor, 3-22 

phasor diagram, 3-24 

phasor sum, 3-41 

PIV, 5-24 

plot, Bode, 6-54, 6-56 

polar complex numbers, 2-73 
polarity, reverse protection, 7-6 
polar/rectangular conversions, 2-85 
positive clamper, 6-26 

positive clipper, 6-7 

power, 1-13 

power, AC, 3-49 

power, average, 3-50 

power factor, 3-53 

power, instantaneous, 3-50 
power transfer, maximum, 5-8 
preferred values, 4-11 

prefixes, electrical quantities, 1-15 
primary winding, 5-6 

protection, meter, 7-21 
pulsating DC, 3-6 

pure DC, 3-6 


quality factor, capacitor, 4-26 
quality factor, (parallel circuit), 3-70 
quality factor (series circuit), 3-63 


radian, 3-13 

radian frequency, 3-13 

range, increasing current, 7-22 
rate meter, 7-32 

ratio, turns, 5-7 

rational numbers, 2-61 

RC circuits, 6-48 

RC time constant, 2-19 


reactance, 3-31 

reactance, capacitive, 3-31 
reactance, inductive, 3-35 

real number, 2-61 

real number line, 2-61 
rectangular form, 2-65 
rectangular numbers, operations with, 2-67 
rectangular/polar conversions, 2-85 
rectifier, bridge, 5-32, 5-38 
rectifier, center-tapped, 5-38 
rectifier, circuits, 5-24 

rectifier, full-wave, 5-31 

rectifier, half-wave, 5-24, 5-36 
reference levels, dBm, 2-57 
regulation, percent voltage, 5-43 
relative dielectric constant, 4-25 
relative permeability, 4-49 
resistance, 1-10 

resistance, coil, 4-57 

resistance, equivalent series, 4-26 
resistance, insulation, 4-26 
resistivity, 4-7 

resistor, bulk film, 4-18 

resistor, ceremet, 4-18 

resistor, equalizing, 4-31 
resistor, film, 4-17 

resistor, shunt diode, 6-30 
resistor tolerance, 4-9 

resistor, variable, 4-21 

resistor, wire-wound, 4-14 
resonance, 3-60 

resonance, parallel, 3-68 
resonance, series, 3-60 
restoration, DC, 7-16 

reverse bias, 5-13, 5-17 

reverse polarity protection, 7-6 
ripple, percent, 5-44 

RL time constant, 2-38 

rms value, 3-10 


scale expanders, 7-25 
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secondary winding, 5-6 

series, 1-27 

series-parallel circuits, 1-37 

series resonance, 3-60 

series-type clipper, comparison, 6-16 
shaper, wave, 7-14 

shifter, phase, 6-59, 6-68 

shunt capacitance, 6-16 

shunt diode resistor, 6-30 

shunt-type clipper, comparison, 6-16 
sine wave, 3-9 

sinusoidal notation, 3-6 

smoothing factor, 5-44 

smoothing filter, 5-43 

source conversions, 1-56 

step-down transformer, 5-8 

step-up transformer, 5-8 

sum, phasor, 3-41 

superposition theorem, 1-48 

surge current, 5-51 


temperature coefficient, 4-7 
temperature, hot spot, 4-11 
Thevenin's theorem, 1-51 
tight coupling, 4-51 

time constant, RC, 2-19 
time constant, RL, 2-38 
tolerance, resistor, 4-9 
transformer efficiency, 5-7 
transformer, ideal, 5-6 
transformer, impedance matching, 5-8 
transformer, isolation, 5-8 
transformer losses, 5-11 
transformer, real, 5-11 
transformer, step-down, 5-8 
transformer, step-up, 5-8 
tripler, voltage, 6-45 

turn-on voltage, 5-16 

turns ratio, 5-7 


value, average, 3-10 

value, effective, 3-10 

value, peak, 3-9 

value, peak-to-peak, 3-9 
value, rms, 3-10 

value, true, 3-10 

values, preferred, 4-11 
variable resistor, 4-21 
voltage, 1-10 

voltage, breakdown, 5-17 
voltage coefficient, 4-11 
voltage division, 1-28 
voltage doubler, 6-43 
voltage multiplier, 6-24, 6-43 
voltage, peak inverse, 5-24 
voltage regulation, percent, 5-43 
voltage, ripple, 4-26 

voltage tripler, 6-45 

voltage, turn-on, 5-16 
voltage, working maximum, 4-10 
voltage, zener, 5-17 


wattage, 4-10 

wave converters, 7-30 

wave shapes, 7-14 

Wheatstone bridge, 1-61 
winding, 5-6 

winding sense, 5-11 

working voltage, maximum, 4-10 


zener voltage, 5-17 





d 
ү 












